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A b stra ct
A q u a n t ita t iv e  method fo r  d eterm in in g  the number o f  
donor e r y th r o c y te s  in  th e b lood  stream  o f  a r e c ip ie n t  i s  d es­
cribed* B r ie f ly ,  group 0 b lood  i s  g iv e n  to  a group A r e c i ­
p ie n t ;  a f t e r  t r a n s fu s io n  two ty p es o f  c e l l s  are p resen t in  
a sample o f  the r e c ip i e n t ’ s b lo o d . The r e c ip ie n t ' s  c e l l s  
are a g g lu t in a te d  w ith  a n ti-A  serum and the f r e e  donor c e l l s  
cou n ted . The ’in  v iv o ’ s u r v iv a l o f  b lo o d , s to red  fo r  vary­
in g  tim es in  many recommended and t e s t  d i lu e n t s  was determ ined . 
A stu d y  o f  the p r o g r e ss iv e  changes in  osm otic  and m echanical 
f r a g i l i t i e s ,  degree o f  h a em o ly sis  and pH was made in  order  
to  d is c o v e r  w hether any c o r r e la t io n  e x is t e d  betw een ’in  v i t r o ’ 
p r o p e r t ie s  and ’ in  v iv o ’ s u r v iv a l .  Judged on the c r i t e r io n  
o f  ’ in  v i v o ’ s u r v iv a l b lood  s to re d  w ithou t g lu c o se  was found  
t o  d e te r io r a te  a f t e r  5 d ays. Blood sto red  w ith  g lu c o se  l o s t  
l i t t l e  o f  i t s  th e r a p e u tic  va lu e during 21 days s to r a g e . A 
m ixture recommended by Sous and Turner (1916) in  which b lood  
i s  d i lu t e d  w ith  a la r g e  volume o f  g lu co se  was found to
be the b e s t  d i lu e n t ,  ’in  v iv o ’ s u r v iv a l not b e in g  im paired  
u n t i l  a f t e r  a mOnth’s s to r a g e . ’In  v i t r o ’ t e s t s  were found  
t o  be no gu ide to  good ’ in  v i v o ’ s u r v iv a l .  In crease  in  osm otic  
f r a g i l i t y  p a r t ic u la r ly  may le a d  to  most f a l la c i o u s  c o n c lu s io n s .  
The in c r e a se d  osm otic  f r a g i l i t y  o f  c e l l s  storedjln  the Rous- 
Turner d i lu e n t  i s  r e v e r sed  by plasm a or iso tcxn ic  s a l in e .  The
su p e r io r  s u r v iv a l o f  the Hous-Turner m ixture may be due to  
th e  d ecrea sed  se d im en ta tio n  r a te  and th e r e fo r e  slow ljrso-  
l e c i t h i n  form ation .
The r e a l  va lu e o f  s to r e d  b lood  depends upon the a b i l i t y  
o f  th e  tr a n s fu se d  e r y th r o c y te s  to  m ain ta in  t h e ir  b io lo g ic a l  
fu n c t io n  in  th e  r e c ip ie n t .  In  s p it e  o f  the c l i n i c a l  su c c e ss  
a tte n d in g  the m a jo r ity  o f  b lood  tr a n s fu s io n s  fo r  the p a s t  25 
y e a r s , g e n e r a l s c e p t ic is m  p r e v a i l s  regard in g  the su r v iv a l o f  
th e s e  tr a n s fu se d  e r y th r o c y te s  .  I n v e s t ig a to r s  have been  
more concerned  w ith  th e  immediate s a f e t y  o f a tr a n s fu s io n  and 
th e  lo n g e r  t e m  p o l ic y  has been n e g le c te d . However, a w ealth  
o f  in fo rm a tio n  has accum ulated con cern in g  th e  ’ in  v itr o *  
b eh av iou r o f  red  c e l l s ;  many workers p r e d ic t in g  *in  vivo*  
s u r v iv a l  from such p r o p e r t ie s  a s  degree o f  h a em o ly sis  or  a l ­
t e r a t io n  o f  osm otic  f r a g i l i t y ;  t h i s  has le d  to  the recommanda 
t io n  o f  a v ery  la r g e  number o f  d i lu e n t s  f o r  the p r e s e r v a t io n  
o f  b lood .
The prim ary o b je c t  o f  t h i s  in v e s t ig a t io n  was to  o b ta in  a 
method capable o f  y ie ld in g  an accu rate  q u a n t ita t iv e  f ig u r e  
f o r  the number o f  donor e r y th r o c y te s  su r v iv in g  in  th e r e c i ­
p ie n t  a t  any tim e a f t e r  a tr a n s fu s io n . The method was then  
u sed  to  determ ine th e  *in  v ivo* s u r v iv a l  o f  b lood s to r e d  fo r  
v a ry in g  in t e r v a ls  in  many o f  the recommended d i lu e n t s .  Imme­
d ia t e l y  p r io r  to  a t r a n s fu s ie n  many *in  v itr o *  t e s t s  were
perform ed on the p reserv ed  b lood  to  be g iv e n  in  order to  d i s ­
c o v e r  any c o r r e la t io n  th a t m ight e x i s t  between * in  vivo*  
s u r v iv a l  and *in v itr o *  behaviour. I t  was a ls o  hoped th a t  
th e  data  o b ta in ed  m ight su g g est  improvements on the p r esen t  
m ethods o f  s to r a g e .
The *In a g g lu tin a b le  Count* Technique and i t s  a p p lic a t io n s  
P eyton  Rous and Turner (1916) showed th a t haem oglobin  
l o s s  in  ex p er im en ta l an im als cou ld  be re p la ced  by tr a n sfu se d  
c e l l s ,  from  the same s p e c ie s ,  s to r e d  up to  two weeks in  a 
c i t r a t e  g lu c o se  d i lu e n t .  R abb its were used  and b lood  cou n ts  
and b lood  pigm ent e x c r e t io n  s tu d ie d . Ashby (1919) f i r s t  d es­
c r ib e d  a method o f  fo l lo w in g  q u a n t i ta t iv e ly  the f a t e  o f  tr a n s ­
fu se d  red  c e l l s ,  and a l l  subsequent methods are based  on the  
same p r in c ip le ;  group 0 c e l l s  were g iv e n  to  a r e c ip ie n t  o f  
group A, so th a t a f t e r  tr a n s fu s io n  a sample o f the r e c ip ie n t ' s  
b lo o d  co n ta in ed  two ty p e s  o f  c e l l s ,  0 and A. The A c e l l s  were 
a g g lu t in a te d  w ith  a n t i  A serum *in v itr o *  and the fr e e  0 c e l l s  
cou n ted . A f r a c t io n  o f  the A c e l l s  d id  not a g g lu t in a te  and 
a sm a ll ’blank* was th e r e fo r e  su b tra c te d  from the t o t a l  o f  f r e e  
c e l l s .  Ashby found th a t  f r e s h  b lood  cou ld  be d e te c te d  in  the  
r e c ip ie n t ’s b lood  stream  up to  100 days a f t e r  the t r a n s fu s io n .  
Wearn^ (1922) and J e r v e l l  ( 1924) confirm ed th ese  r e s u l t s .  The 
same f ig u r e  was a ls o  o b ta in ed  by Wiener (1934) who adopted th e  
method u s in g  the subgroups M and N s in c e  he p r e fe r r e d  to  g iv e
id e n t i c a l  group t r a n s fu s io n s . Wiener and S ch a efer  (1 9 3 9 , 1940) 
ex ten d ed  th e method to  the stu d y  o f  the s u r v iv a l o f  s to r e d  
b lo o d .
S in ce  t h i s  i s  the o n ly  method a v a ila b le *  p e r m ittin g  a 
d ir e c t  measure o f  c e l l  s u r v iv a l  and s in c e  100 days i s  ra th er  
a r e v o lu tio n a r y  f ig u r e  fo r  th e l i f e  o f  th e  red  b lood  c e l l ,  i t  
i s  p r o f i ta b le  to  co n s id e r  the c r i t i c i s m s  l e v e l l e d  a g a in s t  the  
te c h n iq u e . I sa a c s  (1924) o b je c te d  f i r s t l y , t h a t  th e  in a g g lu t in ­
a b le  ’blank* c o n s is te d  alm ost e n t i r e ly  o f  immature red  c e l l s ;  
and se c o n d ly , th a t  even  fr e s h  b lood  i s  r a p id ly  d e stro y ed  in  
th e r e c ip ie n t  and s t im u la te s  the appearance o f  immature, and
V
th e r e fo r e  in a g g lu t in a b le , red  c e l l s  in  the b lood  stream . H is  
ev id en ce  i s  n o t good, and th e  fo llo w in g  c o n s id e r a t io n s  show 
th a t  the method i s  v a l id  and r e l ia b le .  ’
(1 )  The p ercen ta g e  o f  r e t i c u lo c y t e s  has alw ays ap p rox i-
/Kt
m a te ly  th e  same va lu e in  whole b lo o d , the ’blank** and^free  
c e l l  count a f t e r  any tr a n s fu s io n .
(2 )  The in a g g lu t in a b le  count should  be h ig h er  a f t e r  a 
tr a n s fu s io n  o f  o ld  b lo o d , than a f t e r  one o f  fr e s h  b lo o d , i f  
c e l l  d e s t r u c t io n  s t im u la te s  the l ib e r a t io n  o f  r e t ic u lo c y t e s  
in t o  th e  b lood  stream . A c tu a lly  the number o f  f r e e  c e l l s  
found a f t e r  a t r a n s fu s io n  i s  d i r e c t ly  p r o p o r tio n a l to  the  
volume o f  b lood  g iv e n  and in v e r s e ly  p ro p o r tio n a l ton th e body 
w eig h t o f  th e  r e c ip ie n t .  Old b lood  g iv e s  a r i s e  in  the in -
a g g lu t in a b le  count which i s  low er than  the t h e o r e t ic a l  f ig u r e  
due to  th e  d e s tr u c t io n  o f  a c e r ta in  number o f  the c e l l s  
d u rin g  the tr a n s fu s io n .
(3 )  There i s  never any r i s e  in  the fr e e  c e l l  count when 
group A b lood  i s  g iv e n  to  a group A r e c ip ie n t ,  p rov in g  th a t  
ev en  i f  some o f  the c e l l s  are d estro y ed  no c e l l s  in cap ab le
o f  b e in g  a g g lu t in a te d  are thrown in to  the b lood  stream .
(4 )  F urther p ro o f may be o b ta in ed  from nth is experim ent; 
group M b lood  i s  g iv e n  to  a group N r e c ip ie n t .  A g g lu tin a tio n  
w ith  a n t i  N serum a f t e r  the tr a n s fu s io n  w i l l  le a v e  f r e e  a 
la r g e  number o f  c e l l s ,  but i f  th e  r e c ip i e n t ’s b lood  i s  tr e a te d  
w ith  a n t i  N and M sera  v ery  few  c e l l s  w i l l  remain f r e e ,  both  
r e c ip ie n t  and donor c e l l s  having been a g g lu tin a te d .
Technique
Ashby o r ig in a l ly  u sed  a 1 /2 2  d i lu t io n  o f  b lood  in  the  
a p p ro p r ia te  a n ti-seru m ; red  c e l l  cou n tin g  a t  t h i s  d i lu t io n  
i s  v er y  d i f f i c u l t  and rou leau x  form ation  common, so  th a t  
1 /1 0 0  d i lu t io n  was ch osen . Her ch o ice  o f  tem perature, 37^0, 
was d i f f i c u l t  to  understand  because a g g lu t in a t io n  i s  more 
com plete a t  low er tem peratures; the ic e  box i s  u n r e lia b le  on 
accou n t o f  the a c t io n  o f  c o ld  a g g lu t in in s ,  so th a t  room tem- 
t e ra tu re  i s  p r e fe r a b le .  F orty  m inutes was found to  be an 
in ad eq u ate tim e fo r  a g g lu t in a t io n , th e r e fo r e , 2 hours was 
a llo w ed  a s  su g g ested  by T ay lor  (1 9 3 8 ). The fo l lo w in g  m o d ified  
tech n iq u e  was used:
20 c.m .m. o f  r e c ip i e n t ’s b lood was d e liv e r e d  from a 
haem oglobin  p ip e t t e  in to  i  ce 3% sodium c i t r a t e .  0 .1  cc  
o f  t h i s  1 /5 0  su sp en sio n  was mixed w ith  O .lc c  o f  the ap propriate  
a n ti-seru m  in  a sm all f l a t  bottomed b o t t l e .  (The m ixture  
formed a t e r y  th in  f i lm  on the bottom o f  the b o t t l e ,  thus  
se d im en ta tio n  and a g g lu t in a t io n  were r a p id ) . The corked b o t t le  
was l e f t  2 hours a t  room tem perature and shaken o c c a s io n a lly  
t o  ensure com plete a g g lu t in a t io n . The c o n ten ts  were th en  
m ixed thorough ly  and a drop p la ce d  in  a Bûrker cou n tin g  
chamber. T h is chamber was chosen  because the la r g e  area o f  
r u lin g  en ab led  a s e le c t io n  o f  columns to  be made when la r g e  
a g g lu t in a te s  obscured p a rt o f  the f i e l d .  A ll  experim ents were 
perform ed in  d u p lic a te .
Both the A B O  and M and N group ings were made u se cf, and 
t h i s  m icrotechn ique was chosen  because la r g e  s to c k s  o f  r e l ia b le  
a n t i  M and N sera  are not a v a i la b le .  The c o n s is te n c y  o f  
r e s u l t s  depends e n t i r e ly  upon the p o ten cy  o f  the sera  u sed , 
t i t r e s  o f  1 /512  a t  l e a s t  b e in g  req u ired . E x c e s s iv e ly  h igh  
t i t r e s  are not a d v isa b le  s in c e  th ese  sera  n ea r ly  always con­
t a in  h aem olysin s a s  w e ll;  in fe c t e d  sera  a ls o  d evelop  h aem oly tic  
p r o p e r t ie s .
The method was found to  have th e  same erro r  a s th a t o f  
o rd in ary  b lood  co u n tin g . [M o lliso n  & Young, 1940. See 
a p p en d ix ]. Qbrl (1926) thought th a t  shaking a g g lu t in a te s  
in c r e a se d  the number o f  fr e e  c e l l s ;  t h i s  i s  very  u n lik e ly
s in c e  th e  a t t r a c t iv e  fo r c e  between a g g lu tin a te d  c e l l s  i s  very- 
g r e a t ,  and v ig o ro u s shaking fo r  1 rain, was not found to  in ­
cr ea se  the fr e e  c e l l  count. F in a l ly ,  th ere  may be some d i f f i ­
c u l t y  in  d eterm in in g  when two c e l l s  are a g g lu t in a te d  or m erely  
stu ck  to g e th e r ;  d i s t o r t io n  and d is c o lo u r a t io n  o f  c e l l s  in d i­
c a te s  a g g lu t in a t io n .
B lood u sed
B lood  was tak en  from donors,presum ed to  be h ea lth y , in to  
two d i lu e n t s
a) 1.05% sodium c i t r a t e  in  0.85% NaCl. 360 cc 
b lood  was c o l le c t e d  in  180 cc d ilu e n t  co n ta in in g  
s u f f i c i e n t  g lu c o se  to  g iv e  a f in a l  co n ce n tra tio n  
o f  1% in  b lood  d ilu e n t  m ixture.
b) 3% sodium c i t r a t e .  440 cc b lood  b ein g  c o l le c t e d  in  
100 cc  d ilu e n t  w ith  s u f f i c i e n t  g lu co se  to  g iv e  a 
f i n a l  co n c e n tr a tio n  o f  0.6%.
The b lood  was s to r e d  a t  4% in  540 cc b o t t l e s ,  and g iv en  
t o  th e r e c ip ie n t  a s  a co n cen tra ted  c e l l  su sp en sio n . T h is i s  
e a s i l y  done a s  the c e l l s  soon c o l l e c t  in  the bottom o f  the  
b o t t l e ,  and the supernatant plaama«<rdiluent m ixture may be 
removed ju s t  b efore  the tr a n s fu s io n . Counts were not made 
on the c i t r a t e  s a l in e  b o t t l e s ,  but the average f ig u r e  fo r  
th e  c i t r a t e  c e l l s  g iv e n  was 6 .6  m illiO D /c.m .m . 475 cc c e l l s  
was the average volume g iv en .
a
The tr a n s fu s io n  o f /c o n c e n tr a te d  c e l l  su sp en sio n  has 
th ree  advantages over the tr a n s fu s io n  o f  whole b lood  d ilu e n t  
m ix tu re s . F i r s t ly ,  i t  d oes away w ith  the v a r ia t io n s  in  
p r o p o r tio n s  o f  b lood  and p re se rv in g  m ixtu re ,r  so th a t a sim ilar  
volume o f  c e l l s  may be g iv e n  to  each p a t ie n t  and sta n d a rd ised  
b lo o d  volume changes w i l l  be produced. S econ d ly , o v er lo a d in g  
o f  the c ir c u la t io n  i s  av o id ed , a much la r g e r  oxygen carry in g  
power b ein g  d e liv e r e d  to  th e p a t ie n t  in  a sm a ller  volume tr a n s­
fu s io n . T h ir d ly , the tr a n s fu s io n  o f  h igh  t i t r e  a g g lu t in in s  
i s  reduced . T h is i s  p a r t ic u la r ly  im portant s in c e  i t  has been  
shown r e c e n t ly  by Aubert (1942) th a t  co n sid era b le  d e s tr u c t io n  
o f  r e c ip ie n t  c e l l s  may o ccu r , the t h e o r e t ic a l  d i lu t io n  o f  
donor a g g lu t in in s  not ta k in g  p la ce  b efore some a g g lu t in in  
a t  l e a s t  i s  absorbed by the r e c ip ie n t ’s c e l l s .
C l in ic a l  M a ter ia l
The m a jo r ity  o f  p a t ie n t s  su ffe r e d  from secondary anaemia 
con n ected  w ith  pregnancy or p a r tu r it io n . Any w ith  h aem olytic  
anaem ia, s e p s i s  or in tr e c u r r e n t  haemorrhage wawere je c te d .
R e s u lt s
These are ex p ressed  g r a p h ic a lly  in  F ig s . 1 and 2 . The 
c i t r a t e  s a l in e  g lu c o se  f ig u r e s  rep resen t a p re lim in a ry  i n v e s t i ­
g a t io n . Samples o f  b lood  were taken from the p a t ie n t s  immediate­
l y  b efore  the tr a n s fu s io n , a fterw ard s a t v ary in g  in t e r v a ls  up
8t o  24 h o u rs, and th en  a t  convenience during 3 m onths. The 
f ig u r e s  ob ta in ed  were p a r t ia l ly  sta n d a rd ised  by b e in g  d iv id ed  
by the number o f  b o t t le s  o f  b lood g iv e n .
The c i t r a t e  g lu c o se  r e s u l t s  are ex p ressed  d i f f e r e n t ly  
from th o se  above, but in  the same manner a s  the r e s u l t s  in  
th e  n ext s e c t io n .  Specimens o f  b lood  were c o l le c t e d  from 
the r e c ip ie n t s  im m ediately  b efore  tr a n s fu s io n ;  the tra n sfu ­
s io n s  took  from 60 to  120 m ine, and other sam ples were c o l le c te d  
5 m ine, a f t e r  the tr a n s fu s io n , 4 - 8  hours a fterw a rd s, 24 h r s . 
a fterw a rd s and then  a t  con ven ien t in te r v a ls .
When b lood  s to r e d 0-4 days was tra n sfu se d  the 4 -8  hr. 
sample showed a r i s e  in  th e fr e e  c e l l  cou n t. With o ld er  
b lo o d s t h i s  second f ig u r e  was eq u al t o ,  or sm a ller  than , th e  
f i r s t  o b ta in ed  a f t e r  tr a n s fu s io n . I t  would be id e a l  to  take  
th e  100% f ig u r e  as the number o f  c e l l s  p resen t when a l l  b lood  
volume read ju stm en ts had taken  p la c e , i . e .  48 h r s . a f t e r  the  
t r a n s fu s io n . In  a l l  but very  fr e s h  blood tr a n s fu s io n  there  
would be d e s tr u c t io n  during th a t p e r io d , so i t  was d ecid ed  to  
ex p r e ss  a l l  f ig u r e s  a s a p ercen tage o f  the f ig u r e  ob ta in ed  
im m ediate ly  a f t e r  tr a n s fu s io n , a lth ou gh  the 4 -8  h r s . and 24  
h r s . sam ples fo r  fr e s h  b lood  th en  appear g r e a te r  than  100%.
In  many o ld  b lo o d s some d e s tr u c t io n  must a c tu a l ly  occur during  
th e  tr a n s fu s io n ;  t h i s  i s  a fu r th e r  source o f  e r r o r . The 
b lood  volume o f  th e p a t ie n t s  cou ld  have been e s tim a ted  from a
knowledge d f  t h e ir  h e ig h t  and w e ig h t, and th e  t h e o r e t ic a l
r i s e  in  f r e e  c e l l  count c a lc u la te d  and taken  as the 100%
v a lu e . However, as many o f  th e  p a t ie n t s  were anaemic or
pregnant and th ere  are d e f in i t e  but u n stan d ard ised  b lood
volume changes a s s o c ia te d  w ith  th ese  c o n d it io n s , t h i s  was 
c a lc u la te d .
not oerrieèr-ou t. I t  i s  seen  ( F i g . l )  th a t the v a lu e s  fo r  
s u r v iv a l  l i e  upon an even  slop e which i s  very s im ila r  fo r  
a l l  b lood  s to r e d  up to  18 days. The t o t a l  s u r v iv a l o f  t h i s  
age group i s  approxim ately  100 days which a g rees w e ll  w ith  
A sh b y's f ig u r e  fo r  fr e s h  b lood . The o ld er  b lood  i s  d estro y ed  
more r a p id ly .
E x a c t ly  s im ila r  r e s u l t s  were ob ta in ed  w ith  b lood  s to r e d  
i n  the c i t r a te -g lu c o s e  d ilu e n t .  The in d iv id u a l s u r v iv a ls  in  
each group chosen  showed c lo s e  agreement w ith  one an oth er.
The 0 -4  days group shows the 104% f ig u r e  fo r  24 hours and a 
t o t a l  su r v iv a l o f  a t  l e a s t  100 days. D e s tr u c tio n  i s  more rap id  
i n i t i a l l y  in  the 11 -15  day group, but the t o t a l  tim e o f  sur­
v iv a l  i s  l i t t l e  in f e r io r  to  th a t o f  fr e s h  b lood . With the  
o ld e r  b lo o d s the p er io d  o f  most rap id  d e s tr u c t io n  i s  during  
th e f i r s t  24 hours a f t e r  tr a n s fu s io n  and t h i s  i s  borne out 
by the serum b i l i r u b in  r i s e s  which a ls o  occur; t o t a l  sur­
v i v a l  i s  s h o r te r , and g ra d u a lly  d ecr ea se s  w ith  in c r e a s in g  
age o f  b lo o d . The s lo p e s  shown in  P ig . 2 are taken  a s sta n ­
dards fo r  com parison in  the n ext s e c t io n .
f l ù .  I.
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The in v e s t ig a t io n s  o f  Bushhy e t  a l  (1 9 4 0 ) , M aizels  
and P a tte r s o n  (1 9 4 0 ) , BeIk and Barnes (1 9 4 1 ) , a l l  con firm  
th e s e  r e s u l t s ,  and i t  would be reason ab le  to  g e n e r a liz e  th a t  
b lo o d  in  th e  M edical R esearch  C o u n c il's  c i t r a t e  g lu c o se  d i lu e n t  
l o s e s  l i t t l e  o f  i t s  th e r a p e u tic  v a lu e  d uring  21 days s to r a g e ,  
b ut t h e r e a f t e r  d e t e r io r a t io n  i s  ra p id .
In  F ig s . 3 -â  8re shown the r e s u l t s  o f  two s im u ltan eou s  
t r a n s fu s io n s  in  the same p a t ie n t  u s in g  the A B O  and M and N 
a g g lu t in a t in g  system s to g e th e r . B loods o f  two d i f f e r e n t  ages  
were compared, or b lood  s to r e d  in  two d i f f e r e n t  d i lu e n t s .
These ex p er im en ts  are in  th e  nature o f  c o n t r o ls ,  s in c e  th e  two 
b lo o d s  are compared under e x a c t ly  the same c o n d it io n s . The 
r e s u l t s  show c l e a r ly  th a t  the more ra p id  d e s tr u c t io n  o f  o ld e r  
b lo o d  i s  due to  d e t e r io r a t io n  o f  th e  red  c e l l s  and not to  any  
id io s y n c r a s y  o f  a p a t ie n t .  Two o th e r  c o n tr o ls  are shown in  
F ig o i f .  The r e c ip ie n t  and donor grou p ing  was such th a t the  
r e c i p i e n t ' s  c e l l s  co u ld  be a g g lu t in a te d  by two d i f f e r e n t  a n t i ­
se r a ;  th e  r e s u l t s  were found to  a g ree  c lo s e ly .
B lood  volume
T h is  c e l l  a g g lu t in a t io n  tech n iq u e has many o th e r  a p p li­
c a t io n s ,  e s p e c ia l l y  in  th e  realm  o f  p a th o lo g y ; b lo o d  d e s tr u c ­
t i o n  may be s tu d ie d  in  c a s e s  o f  p e r n ic io u s  anaem ia, s e p s i s ,  
a c h o lu r ic  jau n d ice and so  on. I t  may a ls o  be u sed  in  th e  
d e te r m in a tio n  o f  b lo o d  volume a s was su g g ested  by Ashby; the
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c a lc u la t io n  i s  made from the fo llo w in g  equation:
Number c e l l s  /o.m .m . blood g iv en   ^ R ec ip ien t *s b lood volume
Number 'fr e e  j ce lls /c# m .m . re c i -  volume o f  b lood tran sfu sed  
p ie n t^ s  blood a f te r  tra n sfu s io n
'F ree ' c e l l s  are th ose l e f t  u nagg lu tin ated  when the r e c ip ie n t 's  
blood  i s  tr ea ted  w ith  the appropriate a n t i - serum.
The two obvious advantages o f  g iv in g  blood in  p lace o f  
a dye are: (1 ) th a t the red c e l l s  can on ly  be removed from
the c ir c u la t io n  v ia  the r e t ic u lo  e n d o th e lia l  system ; i f  
fr e s h  blood i s  g iv en  t h is  should not occur; (2 ) no apparatus 
and r e a g en ts , ex cep tin g  good a n t is e r a , are required  b es id es  
th o se  used in  ordinary blood counting. The great d isadvantage  
however i s  th a t a f a i r l y  la rg e  bulk o f  f lu id  i s  added to  the  
c ir c u la t io n  and the true blood volume fig u re  cannot be ob ta ined  
u n t i l  the tçransfused plasm a, and any o f  the r e c ip ie n t 's  plasma 
( t o  compensate fo r  the in crea sed  volume o f  co rp u sc les  p resen t)  
have been removed from the b lood stream. Assuming no c e l l s  
are destroyed^then  samples o f  the r e c ip ie n t 's  blood could  be 
t e s te d  over a p eriod  o f 0-72 hours a f t e r  the tra n sfu s io n  u n t i l  
a co n sta n t f ig u r e  whs ob tained .
A c a r e fu l study o f  blood volume was not made, but b lood  
volum es were c a lc u la te d  in  a few ca ses which rece iv ed  fr e sh  
b lood , the free  c e l l  count im m ediately a f te r  tra n sfu s io n  being  
used so th a t no c ir c u la to r y  readjustm ent had taken p la c e . The 
r e s u l t s  are shown in  ta b le  the volume o f  blood g iv en  has
OkBLE I  
B lo o d  v o lu m e  e s t i m a t i o n s
P a t i e n t
B l o o d  Volume
P a t i e n t s '
H a e m o g lo b in
b e f o r e
t r a n s f u s i o n
% H a ld a n e
s t a n d a r d
v o lu m e  o f  
b l o o d  g i v e n  
i n  0 0 ,
D e t e r m i n e d  
f r o m  h e i g h t  
a n d  w e i g h t  . 
i n  l i t r e s
P o u n d
i 5 . 0  ( a p p r o x ) 7 . 3 )
6 . 9 )
1 0 2 9 9 0  b l o o d
1  2 5 . 0 4 . 7 1 0 0 9 0 0  c e l l s
3 5 . 0  ( a p p r o x ) 5 . 7 1 0 0 650  c e l l s
4 4 . 2 5 . 0 64 520  c e l l s
5 4 . 0  ( a p p r o x ) 4 . 5 58 1 , 0 5 0  b l o o d
6 4 . 0  ( a p p r o x ) 5 . 4 58 980  c e l l s
7 ~  4 . 0 3 . 0 ) 52 1 ,0 4 0  b l o o d
3 . 4 )
8 4 . 0  ( a p p r o x ) 3 , 7 50 4 1 0  c e l l s
fl ' 9 4 . 2 4 . 0 ) 48 635  c e l l s
i 3 . 9 )
§  10 4 . 2 4 . 2 48 1 ,0 4 0  b l o o d
11 3 . 7 3 . 3 ) 4 2 7 50  c e l l s
3 . o )
1 2 4 . 1 5 4 . 0 ) 40 745  c e l l s
3 . 7 )
13 3 . 7 3 .1 35 450  c e l l s
1 4 4 . 0 2 . 9 ) 25 1 , 0 0 0  b l o o d
3 . 0 )
1 5 4 . 0 4 . 8 86 435  c e l l s
4 . 0 5 . 0 72 4 0 0  c e l l s
in 1 7 3 . 9 3 . 9 71 525  c e l l s
p 3 . 6 6 , 0 6l 310  c e l l s
1 9 4 . 0 5 . 8 46 4 2 0  c e l l s
^ to e re  tw o  f i g u r e s  a r e  g i v e n  t h e  v a l u e s  w e re  c a l c u l a t e d  f r o m  s a m p le s  o f  
r e c i p i e n t s  b l o o d  a t  tw o d i f f e r e n t  t i m e s  a f t e r  t h e  t r a n s f u s i o n ^
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not been su b tra c te d  from th e e s t im a te d  b lo o d  volum e. Knowing 
th e  p a t i e n t ' s  h e ig h t  and w e ig h t, th e  t h e o r e t ic a l  b lood  volum es  
were o b ta in ed  frcan the cu rves g iv e n  by Gibson and Evans (1 9 3 8 ) .
Pregnant women have in c r e a se d  b lood  volum es due to  an 
in c r e a se d  plasma volum e, and anaemic p a t ie n t s  u s u a l ly  have a 
reduced b lo o d  volume due to  r e d u c tio n  in  b oth  plasm a and red  
c e l l  volum e. (G ibson 1 9 4 1 ). The r e s u l t s  o b ta in ed  are in  sub­
s t a n t ia l  agreement w ith  th e se  o b se r v a tio n s .
I n v e s t ig a t io n  o f  the c o r r e la t io n  betw een ' in  v iv o '  s u r v iv a l  
and ' in  v i t r o ' behaviour
E ry th ro c y te  d e t e r io r a t io n  m ost p rob ab ly  depends upon 
d e g en er a tio n  o f  th e  red  c e l l  membrane which must c e r t a in ly  be 
p ostp on ed  by m a in ta in in g  th e normal n u t r i t io n  and m etabolism  
o f  th e  c e l l .  (Most in v e s t ig a t o r s  have shown a sm a ll b ut s ig ­
n i f i c a n t  oxygen consum ption by the e r y th r o c y te s . Ponder 1934)#
/
The osm otic  r e la t io n s h ip s  betw een c e l l  and p la sm a -d ilu en t  
m ixtu re seem to  be r e la te d  to  membrane d eg en er a tio n  in d ir e c t ly  
through the m ech ân ica l e f f e c t s  o f  s t r e tc h in g  or sh r in k in g .
Rous and Turner (1 9 1 6 ) , M aizels  and W hittaker (1939)  
and de Gowin and H ardin (1 9 4 0 ) , concluded  th a t  a p r e s e r v a t iv e  
was good i f  i t  in h ib ite d , h a em o ly sis  during  s to r a g e . Other 
w orkers, W ilbrandt (1 9 4 0 ), Bushby e t  a l  (1 9 4 0 ) , W illen eg er  
and O tte n so o ser  (1 9 4 0 ) , Dubash e t  a l  (1 9 4 0 ) , D en sted t  
e t  a l  (1 9 4 1 ) , and C rosbie and Scarborough (1942) p r e fe r r e d
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th a t  t h e ir  d i lu e n ts  should in h ib i t  in cr ea se  o f  osm otic  
f r a g i l i t y .
The su b sta n ces  which have been found to  in h ib i t  haem olysis 
and in c r e a se  in  osm otic f r a g i l i t y  are:
a) c e r ta in  e l e c t r o l y t e s ,  b) g lu c o s e , which d i f f u s e s  r a p id ly  
in to  th e  red  c e l l  and c) non d i f f u s ib le  su b stan ces such as  
su cro se  and d e x tr in , which oppose the osm otic p ressu re  due to  
haem oglobin. Bagdassarov (1937) found th a t  a c i t r a t e  s a l in e  
m ixture c o n ta in in g  potassium  c h lo r id e  and magnesium su lp h ate  
d e la y e d  h aem olysis b e t te r  than p la in  c i t r a t e ;  t h i s  s o lu t io n ,  
known a s  I .H .T . on account o f  i t s  use a t  the I n s t i t u t e  o f  
Haematology and Blood T ra n sfu sio n  in  Moscow, has been w id ely  
u sed  in  England. G lucose was f i r s t  shown by Rous and Turner 
to  d e la y  h aem olysis due to  m echanical trauma and s in ce  then  
many o f  the in v estig a to rs^ q u o te d  above,have found th a t i t  i s  
very  e f f i c i e n t  in  in h ib it in g  h aem olysis  and in crea se  in  osm otic  
f r a g i l i t y  in  s to re d  b lood . Much a t te n t io n  has been paid  to  
the co n c e n tr a tio n  req u ired , but sm all amounts on ly  seem to  be 
n e c e s sa r y , the maximum e f f e c t  showing when a f i n a l  co n cen tra tio n  
o f  1% i s  p r e sen t in  the b lo o d -d ilu e n t  m ix tu res. W ilbrandt 
recomoiended the use o f  su crose  in  a f in a l  co n ce n tra tio n  o f  
4.3% because he found th a t the f r a g i l i t y  o f  the c e l l s  remained  
w ith in  normal l im i t s  fo r  100 d ays. M aizels had the idea o f  
u s in g  d e x tr in  which was n o n -d if fu s ib le ,  but which a t  the same
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tim e m ight form a r e s e r v o ir  from which d ex tro se  would slo w ly  
be l ib e r a te d .  H aem olysis was on ly  1% a f t e r  50 days storage  
in  a f i n a l  co n cen tra tio n  o f  3% d e x tr in .
I
Blood p reserved  in  the d ilu e n ts  recommended se p a r a te ly
by Rous and Turner and by W ilbrandt were f i r s t  compared ' in
v iv o ' .  The s u r v iv a l o f . Rous-Turner c e l l s  was very  good, the
degree o f  h aem olysis was low but osm otic f r a g i l i t y  very  h ig h ,
s h o w n  }/\
th e  meditUa corp u scu lar f r a g i l i t y  beingj^O.75% N a d  a f t e r  21
days s to r a g e . C e lls  s to re d  in  W ilbrandt' s  su crose  m ixture
su rv iv ed  p o o r ly , h aem olysis was low , and median corpu scu lar  
Was K^owfv ÎKSôlutceM
f r a g i l i t y ^ w e l l  below  th e  average normal f ig u r e  o f  0.36% NaCl. 
The s t r ik in g  d if fe r e n c e  betw een th e se  r e s u l t s  le d  to  the 
ch o ice  o f  many o f  the d ilu e n ts  d escr ib ed  in  T ables I I  and I I I .  
D e fib r in a te d  and h ep a r in ised  b lo o d s served  a s  c o n tr o ls  s in c e  
n o th in g  was added to  them. C itr a te  ( I I I ) ,  I .H .T .(I V ) , M.R.C. 
c i t r a t e  g lu co se  (V j ) ,  Rous Turner c i t r a t e  g lu co se  ( V j l l ) ,  Mai- 
z e l ' s  d ex tr in (X II)a n d  W ilb ran d t's su crose were a l l  in v e s t ig a te d  
because th ey  had been recommended from the r e s u lt  o f  in  v i t r o  
t e s t s .  D ilu e n t  V r e p r e se n ts  the la r g e  d i lu t io n  o f  plasma 
p r o te in s  in  the Rous-Turner m ixture but la c k s  g lu c o s e , XI i s  
s im ila r  but c o n ta in s  g lu co se  eq u iv a len t to  th a t in  the M.R.C. 
c i t r a te r g lu c o s e  d i lu e n t .  VII reproduces the h igh  g lu co se  con­
c e n tr a t io n  o f  Rous-Turner w ithout the d i lu t io n .  IX and X were 
an a tta n ^ t to  produce the Rous-Turner c o n d it io n s  on a sm aller  
s c a le .
TABLE I I
L i s t  o f  p r e s e r v a t i v e s  u s e d
D e f i b r i n a t e d  b l o o d  
( H a r r i s o n  & p i c k e n )  
30  c c  g l a s s  b e a d s  
4 5 0  c c  b lo o d o
12, H e p a t> ln is e d  B lo o d
iO  c c  s a l i n e  c o n t a i n i n g  
L iq u e m in  0 1 ^ 0 0 0  AoO.U. 
o r  B.D.Ho Hepaÿ-in 
2000  u n i tS o  
450  c c  b lo o d *
3» S o d iu m C i t r a t e
iOO cc  3% so d iu m  c i t r a t e  
440 c c  b l o o d
4# I.H.T.
E q u a l  p a r t s  o f  b l o o d  
a n d  m i x t u r e  c o n t a i n i n g
0 .7 %  NaOl
0 * 52% so d iu m  c i t r a t e  
0 .  02% KClo 
0 .004%  Mg SO2,.
5o Sodium  C i t r a t e
i , 4 0 0  c c  3 % so d iu m  c i t r a t e  
600  c c  b lo o d *
60 c i t r a t e  g l u c o s e  (M tR .C ,)  
i o o  c c  3% so d iu m  C i t r a t e  
iO  c c  30% g l u c o s e  
430 c c  b lo o d *
7. C i t r a t e  g l u c o s e
100  c c .  3% so d iu m  c i t r a t e  
40  c c  30% g l u c o s e  
400  c c .  b lo o d *
80 C i t r a t e  g l u c o s e  (R o u s  T u r n e r  1 9 1 6 )
400  c c  3 o 8% so d iu m  c i t r a t e  
1 ,0 0 0  c c  5o 4% g l u c o s e  
600  c c  b l o o d .
9o C i t r a t e  g l u c o s e
1 00  c c  3% so d iu m  c i t r a t e  
100  c c  5o 4% g l u c o s e  
340  c c .  b l o o d
1 0 .  C i t r a t e  g l u c o s e
40 c c .  5% c i t r a t e  
1 80  c c .  5«4% g l u c o s e  
320  c c .  b l o o d
11* C i t r a t e  g l u c o s e
1 , 4 0 0  c c  3% so d iu m  c i t r a t e  
40  c c  30% g l u c o s e  
560  c c  b lo o d *
1 2 . D e x t r i n  ( M a i z e l s  1 9 4 0 )
100 c c  3% so d iu m  c i t r a t e  
30 c c  53% d e x t r i n  
410  c c  b l o o d
1 3 .  s u c r o s e  ( W i l b r a n d t  1 9 4 0 )
63 c c  10% so d iu m  c i t r a t e  
375 c c  10o3% s u c r o s e  
410  cc  b lo o d *
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A sample o f  the b lood tra n sfu se d  was always t e s t e d  fo r  
p ercen tage h a em o ly sis , osm otic  f r a g i l i t y  and m echanical fr a ­
g i l i t y ,  the la tter t e s t  was chosen  w ith  the id ea  th a t  i t  
m ight g iv e  some in d ic a t io n  o f  c e l l  membrane d eg en era tio n .
In  a d d it io n  a sep arate  in  v i t r o  in v e s t ig a t io n  was ca r r ie d  out 
ao th a t p r o g r e ss iv e  changes in  each d ilu e n t  cou ld  be stu d ied  
over fou r  weeks. Blood from 3 -4  donors was u sed  fo r  each  
d i lu e n t .  To p reven t the b o t t l e s  becoming in fe c t e d  through  
freq u en t opening each was p a r t i t io n e d ,under s t e r i l e  c o n d it io n s ,  
in to  about 12 sm a ller  b o t t l e s ,  im m ediately  the b lood  was c o l ­
le c t e d .  An u n d istu rb ed  b o t t le  was th ere fo re , a v a ila b le  fo r  
t e s t s  a t any tim e. pH e s t im a t io n s  were a ls o  made in  t h i s  
s e r ie s  b ecause l i t t l e  in fo rm a tio n  i s  a v a ila b le  o f  the changes 
in  pH which take p la ce  in  s to re d  b lood .
Methods
The c l i n i c a l  m a te r ia l ,  con cen trated  c e l l  su sp en sio n s  
g iv e n  and m ethods o f  sam pling and in a g g lu tin a b le  count were 
a l l  d escr ib ed  in  the l a s t  s e c t io n .
The b lood  t e s t e d  fo r  ' in  v i t r o ' p r o p e r t ie s  was e i th e r  
d ilu te d  w ith  some o f  i t s  own supernatant l iq u id  or spun, and ' 
some o f  the supernatant l iq u id  removed, so th a t the f i n a l  
haem oglobin was alw ays 70% o f  the Haldane standard. T h is  
s ta n d a r d isa t io n  enab led  a haem atocrite  read in g  o f  30% to  
be assumed in  the e s t im a tio n  o f  spontaneous h a em o ly sis;
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furtherm ore the same volume o f  c e l l s  was always added to  
each 1 cc o f  s a l in e  in  the d eterm in ation  o f  osm otic f r a g i l i t y .
Spontaneous H aem olysis
The supernatant plasma d ilu e n t  from w e ll mixed and cen­
tr ifu g e d  b lood was matched w ith  d i lu te  haem oglobin standards  
ranging  from 5% to  0.1% (H aldane). The standards were prepared  
from a sm all q u a n tity  o f  b lood , o f  known haem oglobin co n ten t, 
la k ed  in  a l i t t l e  w ater and d ilu te d  With serum or plasma. 
P ercen tage haem olysis =
t o t a l  q u an tity  Hb in  plasma o f  100 cc b lood  x 100% •
% Hb o f  the b lood sample
S in ce  haem oglobin o f  blood was made to  be 70% and plasma volume
70%, the p ercen tage h aem olysis  i s  equal to  the haem oglobin
standard matched by the unknown.
Osmotic F r a g i l i t y
The method o f  Dacia and Vaughan (1938) was u sed , the  
streixgth  o f  NaCl in  which (1 ) 50% h aem olysis (M.C.Kor median
corp u scu lar  f r a g i l i t y )  and (2 ) tra ce  haem olysis occurred were 
recorded  o n ly . F r a g i l i t y  was estim a ted  a t  room tem perature 
a f t e r  i t  was found th a t the v a lu es  d if f e r e d  in s ig n i f i c a n t ly  
from th ose  ob ta in ed  a t ic e  box tem perature.
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M echanical F r a g i l i t y
Rous and Turner estim a ted  m echanical h aem olysis but 
p u b lish e d  no method. Blood shaken in  a m echanical shaker 
s e v e r a l  hours shows no m easurable degree o f  h a em o ly sis .
G la ss  beads were th ere fo re  added in  varying  p rop ortion s u n t i l  
i t  was found th a t haem olysis in  4 week o ld  b lood was f iv e  tim es  
th a t  ob ta in ed  fo r  fr e sh  b lood.
5 cc o f  b lood and 10 cc g la s s  heads (average diam eter  
0 .4  cm.) w e% d elivered  in to  a 10 oz. f l a t  b o t t le  which was 
shaken h o r iz o n ta lly  on i t s  narrow s id e  fo r  e x a c t ly  i  hr. in  
a m echan ical shaker. The b lood  was c e n tr ifu g e d , the plasma 
haem oglobin estim a ted  and p ercentage h aem olysis c a lc u la te d .
pH D eterm in ation s
Dr. H ew itt o f  the Belmont L ab oratories S u tto n , Surrey, 
v ery  k in d ly  made the pH d eterm in a tio n s, the r e s u l t s  o f  which 
are g iv e n  in  F i g . T h e  g la s s  e le c tr o d e  method was used.
R e s u lts
'In  v iv o ' S u rv iv a l i s  shown in  Fig$Jo-i<T and ta b le  I I I .  
F i g . #  dem onstrates the v a r io u s ty p es o f  i n i t i a l  changes which 
are en cou n tered ,vary in g  from the r i s e  a lread y  d isc u sse d  fo r  
f r e s h  b lo o d ,to  the rap id  d e s tr u c t io n  o f  u s e le s s  b lood .
Blood sto red  w ithout g lu co se  does not p reserve w e l l ,  
r a p id 'd e te r io r a t io n  ta k in g  p la ce  a f te r  5 days sto ra g e . T h is
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TABLE I I I
SUHVIVAL IN VIVO
p r e s e r v a t i v e
Time o f  
S t o r a g e  
i n  d a y s
No, o f
% S u r v i v a l  i n  V ivo
c a s e s 24
h r  8
1
w eek
3
w eek s
2
m o n th s
D i l u e n t s  c o n t a i n i n g  no 
c a r b o h y d r a t e
I D e f i b r i n a t e d  B lo o d 6 - 9 4 89 76 63 20
I I H e p a r i n i s e d  B lo o d 6-1 0 k 76 61 40 • 6
I I I S o d iu m  C i t r a t e  
1 v o l  : v o l s  b l o o d
5 - 9
1 1 - 1 7
3
3
72
25
68
11
51 27
IV I . H . T .  I . V 0 I  : 1 v o l  b l o o d 8 -1 0 4. 78 52 42 20
V S odium  C i t r a t e  
7 v o l s  : 3 v o l s  b l o o d 9 2 40 22 1 0
D i l u e n t s  c o n t a i n i n g  
c a r b o h y d r a t e
VI C i t r a t e  g l u c o s e  ( MoR. C. ) 
1*1 v o l s  : 4 * 3  v o l s  b l o o d  
F i n a l  g l u c o s e  0*6%
0 —4 
1 1 - 1 5  
1 8-1 9 
2 3 - 2 9
15
4.
3
2
1 0 4
88
84
52
101
77
73
35
86
60
53
20
49
27
13
VII C i t r a t e  g l u c o s e  
1 * 4  v o l s  : 4  v o l s  b l o o d  
P i n a l  g l u c o s e  2«4%
1 1 - 1 4
16-21
2
4-
89
77 65
60
4 8
24
20
v i n C i t r a t e  g l u c o s e  R o u s - T u r n e r 17-21 3 1 0 0 93 7 4 37
7 v o l s  2 3 v o l s  b l o o d  
P i n a l  g l u c o s e  2*7%
2 4 -2 8
3 4 - 3 5
4-
2
83
54
78
31
50 12
IX C i t r a t e  g l u c o s e  
2 v o l s  : 3 * 4  v o l s  b l o o d  
P i n a l  g l u c o s e
20 2 76 61 50 17
X C i t r a t e  g l u c o s e  
2* 2 v o l s  : 3* 2 v o l s  b l o o d  
p i n a l  g l u c o s e  i • Q%
1 8 - 2 0 3 88 82 69 19
XI C i t r a t e  g l u c o s e  
7*2 v o l s  : 2 * 8  v o l s  b l o o d  
p i n a l  g l u c o s e  0*6%
1 6 - 1 9 2 53 40 29 12
XII D e x t r i n  M a i z e l s  
1 * 3  v o l s  : 4*1 v o l s  b l o o d  
p i n a l  d e x t r i n  3%
9
1 2 - 1 3
1
2
82
86
76
57
6 2
31
30
: i i i S u c r o s e  W i t b r a n d t  
4 * 4  v o l s  : 4*1 v o l s  b l o o d  
p i n a l  s u c r o s e  4*3%
7 - 9  
12-1  6
2
6
85
55
76
33
66
25
34
8
18
was a ls o  found by Wiener and Schaefer (1 9 3 9 ). D efib r in a ted  
blood  showed the b e s t  su r v iv a l in  t h i s  group, and the p o o rest  
d ilu e n t  was^the la rg e  e x c e ss  o f  sodium c i t r a te  (V ).
Blood s to red  in  d e x tr in  and sucrose showia s l i g h t  impro­
vement over d e f ib r in a te d  b lood . The presence o f  g lu cose  i s  
most b e n e f ic ia l )  a f in a l  co n cen tra tio n  o f  0.6)6 seems ju s t  as 
e f f i c i e n t  as 2.4%> and d e te r io r a t io n  does not b eg in  t i l l  the 
blood  has been stored  15 d ays. The Rous-Turner d ilu e n t  i s  
su p erior  to  a l l  others*, d e te r io r a t io n  i s  not e v id e n t u n t i l  
24 days sto ra g e .
Spontaneous H aem olysis
P ig . (6 confirm s the r e s u l t s  o f  th ose  in v e s t ig a to r s  discum #  
ed  above. I.H .T . d e f in i t e ly  in h ib i t s  h aem olysis but i t s  powers 
la g  fa r  behind those/of su cro se , d e x tr in  and g lu c o se . Glucose 
i s  su perior to  sucrose and d e x tr in , a f in a l  co n cen tra tio n  o f  
0*6% b ein g  ju s t  as e f f i c i e n t  in  d e la y in g  haem olysis as 2.4%. 
There i s  l e a s t  haem olysis o f  a l l  in  the Rous-Turner m ixture.
Osmotic F r a g i l i t y
These r e s u l t s  are aga in  s im ila r  to  th ose ob ta ined  by 
o th e r s . G lu c o se ,in  a l l  co n cen tra tio n s t r ie d ,  inhibitfetfe the  
gradual in crea se  in  osm otic f r a g i l i t y  c h a r a c te r is t ic  o f  c e l l s  
sto red  w ithout g lu cose^ (F igJ% ).It i s  most n o t ic e a b le , however, 
th a t  the i n i t i a l  median corpuscu lar f r a g i l i t i e s  o f  c e l l s  in
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g lu c o se  s o lu t io n s  are h ig h er  than in  the absence o f  g lu c o se .
9Ko(ok it\
The M.O.P. o f  c e l l s  in  the Rous-Turner d ilu e n t  may be  ^0 .65^  
NaCl a f t e r  on ly  6 hours s to ra g e . Sucrose cau ses a marked 
d ecrea se  in  osm otic f r a g i l i t y  which i s  succeeded by a gradual 
r i s e ;  the curve fo r  d e x tr in  i s  id e n t ic a l  w ith  th a t fo r  0.6% 
g lu c o se .
I t  was n o tic e d  th a t  th e time a t which the in crea se  in  
osm otic  f r a g i l i t y  becemegmore r a p id , c lo s e ly  corresponded to  
th e  p er io d  when t i n  v iv o ’ su r v iv a l s t a r t s  t o  f a l l  o f f .  For 
in s ta n c e , a t 5 days fo r  b lood sto red  w ithou t g lu c o s e , 21 days 
fo r  Rous-Turner b lood  and between 10 and 15 days fo r  b lood  
s to re d  w ith  0.6% g lu c o se , c e r ta in  ir r e v e r s ib le  changes may 
s e t  in  ca u sin g  d eg en era tio n  o f  the red  c e l l  membrane.
M echanical F r a g i l i t y
A gain Rous and Turner f i r s t  n o tic e d  th a t no con stan t re ­
la t io n s h ip  e x i s t e d  between osm otic 4^940^ and m echanical 
f r a g i l i t y ,  de Gowin (1940) a ls o  observed the in crea sed  r e s i s t ­
ance to  m echanical shaking inqparted by g lu c o s e , shown in  F ig .18 
The r a is e d  m echanical f r a g i l i t y  in  Rous-Turner d ilu e n t  may be 
a s s o c ia te d  w ith  the v e fy  h igh  osm otic f r a g i l i t y  and sw e llin g  
o f  the c e l l s .
pH Changes
I t  was found th a t a l l  the d i lu e n ts  were s tr o n g ly  a lk a lin e*  
(tr iso d iu m  c i t r a t e  was u sed ); fo r  in sta n c e  theMJRC. c i t r a t e  
g lu c o se  m ixture had a pH o f  9*3 but a s  F ig . shows the
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added b lo o d  b u ffered  t h i s  w e l l ,  and the pH o f  th e  m ixture  
f e l l e  to  7#45. Those b lo o d s s to r e d  w ith ou t g lu c o se  never  
showed a f a l l  in  pH below  7 .0  during  s to r a g e , w h ile  the pH 
o f  g lu c o se  co n ta in in g  b o t t l e s  f e l l  on an even  s lo p e ,  reach in g  
pH 6 .8  a t  the end o f  a month. The su crose and Rous-Turner 
m ix tu res were s l i g h t l y  more a c id .
T h erefore such ’ in  v itr o *  t e s t s  as osm otic  and m echani­
c a l  f r a g i l i t y  and change in  pH can g iv e  no gu ide fo r  g o o d 'in
I
v iv o  s u r v iv a l;  osm otic f r a g i l i t y  t e s t s  e s p e c ia l l y  may le a d  
t o  co m p le te ly  f a l la c io u s  c o n c lu s io n s . C e r ta in ly  h a em o ly sis  
i s  l e a s t  in  th o se  d i lu e n t s  which g iv e  th e  b e s t  *in  vivo*  
s u r v iv a l  and ta k es  p la ce  more r a p id ly  in  w o r th le ss  s o lu t io n s .  
H aem olysis th e r e fo r e  may be a u s e fu l  c r i t e r io n  in  d isc a r d in g  
th e se  v a lu e le s s  d i lu e n t s ,  b u tb u n fo r tu n a te ly  su cro se  and dex­
t r i n  which are l i t t l e  b e t te r  than c i t r a t e  and I .H .T . fo r  
*in  v ivo*  s u r v iv a l in h ib i t  h a em o ly sis  w e l l ,  and sojea orv
thés  c r ite r io n ,w o u ld  not be d isca rd ed  w ith  the r e s t .
g a te  o f  F r a g ile  C e l l s
F r a g ile  c e l l s  may be d iv id ed  in to  two c la s s e s ;  th o se  wd)th 
in c r e a se d  osm otic  f r a g i l i t y ,  such a s  the Rous-Turner c e l l s ,  
and th o se  in  which ir r e v e r s ib le  d eg en era tiv e  changes have 
s ta r t e d  to  take p la c e . Haemoglobinaemia was en cou n tered  in  
two c a s e s  tr a n s fu se d  w ith  Rous-Turner b lood  and i t  seems very  
l i k e l y  th a t  the c e l l s  were so f r a g i l e  th a t  some haem olysed on
21
c o n ta c t  w ith  fr e s h  p lasm a. In tr a v a scu la r  h a em o ly sis  was 
n ever observed  when b lood  th a t d isap peared  r a p id ly  was tra n s­
fu se d . That e x tr a v a sc u la r  h a em o ly sis  had taken  p la ce  was
erf
shown by the serum b i l ir u b in  r i s e .  T h eorise  in  serum b i l i r u -
bin<i©P®3i^8 upon the number o f  c e l l s  d e stro y e d , the e f f i c i e n c y
(1938)
o f  th e  p a t ie n t  s  l i v e r  and th e  time o f  b lood  sam pling . Vaughai^ 
has shown th a t  the maximum b i l i r u b in  r i s e  occu rs 5 hours 
a f t e r  the tr a n s fu s io n . The r e s u l t s  o f  the serum b i l ir u b in  
changes (a s  e s tim a te d  by van den B ergh 's method)^ a f t e r  many 
o f  the tr a n s fu s io n s , are rep resen ted  in  ta b le  k . There was 
g r e a t  v a r ia t io n  in  th e in d iv id u a l r e s u l t s  but whole groups 
show w e ll  th a t  bloody s to re d  w ith ou t g lu c o s e ^ d e te r io r a te s  much 
more r a p id ly  than when i t  i s  p r e s e n t . T h is i s  a good q u a li­
t a t iv e  co n firm a tio n  o f  th e *in  vivo* su r v iv a l f in d in g s , and 
the ta b le  shows fu r th e r  the s u p e r io r ity  o f  the Rous-Turner 
d ilu e n t .
I t  has lo n g  been  known th a t p otassiu m  le a v e s  the red  
c e l l  during sto ra g e  [(K err (192Q ), Ponder and JBaslow (1 9 3 t ) ,  
fiownman, O liv er  and Young (1 9 4 0 ) ] .  M aizels  and W hittaker  
(1940) n o tic e d  th a t  the sodium c o n te n ts  o f  c e l l s  in crea sed  
during  s to r a g e , and th a t  when th e se  c e l l s  were tr a n sfu se d  th ey  
caused  an immediate r i s e  in  th e l e v e l  o f  c e l l  sodium in  the  
r e c ip ie n t .  24 hours a fterw ard s the r e c ip ie n t* s  c e l l  sodium
TABLE IV
B i l i r u b i n  c h a n g e s  i n  t h e  r e c i p i e n t  a f t e r  T r a n s f u s i o n
p r e s e r v a t i v e Time o f  
s t o r a g e  
i n  
d a y s
NOo o f  
c a s e s
Serum  B i l i r u b i n  mgm %
B e f o r e 0 - 2
h r s
a f t e r
4  — 6 
h r s  
a f t e r
24  h o u r s  
a f t e r
A.- T h o se  c o n ­ 5 - 1 0 19 Col 0 . 5 1 . 2 0 . 3
t a i n i n g  no
g l u c o s e . 1 1 - 1 7 11 0 .1 0 . 7 2 . 4 0 . 5
B, C i t r a t e - 0 - 5 15 0 . 0 0 . 3 0 . 5 0 . 0
g l u c o s e 1 1 - 1 5 6 0 . 0 0 . 2 0 . 7 0 . 0
m i x t u r e s , 1 7-21 1 6 0 .1 0 . 7 1 . 3
e x c e p t
R o u s - T u r n e r .
Go R o u s - T u r n e r 17-21 4 OoO Do 3 Oo9 0.,3
2 4 - 2 8 4 0o1 Oo3 1 .1 0 . 3
TABLE V
C e l l  Sodium  c h a n g e s  i n  t h e  R e c i p i e n t  a f t e r  T r a n s f u s i o n
Time o f  
s t o r a g e  
o f  b l o o d  
g i v e n  
i n  d a y s
C e l l  
Sodium  
o f  b l o o d  
g i v e n  
i n  mgm ^
C e l l  Sod ium , i n  mgm %,±n R e c i p i e n t s  b l o o d
p a t i e n t B e f o r e
T r a n s ­
f u s i o n
A f t e r
T r a n s ­
f u s i o n
24  h r s  a f t e r  
t r a n s f u s i o n
48  h r s  a f t e r  
t r a n s f u s i o n
1 1 4 , 1 39 3 0 0 6 53 - 35
2 1 4 136 35 6o 46 -
3 1 4 92 35 47 31 -
4 1 4 127 31 43 33 32
5 i 4  ' 93 17 39 28 1 8
Sodium estim a tio n s  were done on ashed samples o f  c e l l s  by the  
* method o f  S a h lit .
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had retu rn ed  to  i t s  i n i t i a l  va lu e through th ere  was no 
iKe Au/nbero-f
p a r a l le l  f a l l  im  donor c e l l s .  M aizels r e s u l t s  were confirm ed  
. .  ^ c e l l s
(Table s j ,  though u n fo r tu n a te ly  the su r v iv a l o f  donoi/w as not
checked. Our p r e sen t knowledge o f  c e l l  su r v iv a l can f i l l  in
the gap , fo r  i t  i s  very u n lik e ly  th a t 14 day o ld  b lood  would
be com p lete ly  d estro y ed  during 24 hours in  5 c a s e s . The
rem oval o f  e x c e s s  sodium and replacem ent by p otassium  must
take p la c e  a g a in s t  a s tee p  co n c e n tra tio n  g ra d ien t and cannot
#
be e x p la in ed  a s due to  any sim ple p h y s ic a l p r o c e ss .
The fa te  o f  the ' f r a g i l e  * Rous-Turner sto red  c e l l s  was 
f i r s t  s tu d ie d  in  the fo llo w in g  way: a la rg e  tr a n s fu s io n  o f
th e se  c e l l s  was g iv e n  to  a p a t ie n t ,  and a t  vary in g  in te r v a ls  
a f t e r  the tr a n s fu s io n s  the re c ip ie n t's  b lood  was a g g lu tin a te d  
in  the u su a l way. The fr e e  c e l l s  ob ta in ed ,w ere sep ara ted  from  
th e  a g g lu t in a te s  by f i l t r a t i o n  through a # a tm a n  No. 1 f i l t e r  
paper and s u f f i c i e n t  c o l le c t e d  to  determ ine t h e ir  osm otic  
f r a g i l i t y  in  one or two s tr e n g th s  o f  sodium c h lo r id e . T h is  
experim ent proved to  be in v a l id  as i s  siienmbelow.
The p o s s i b i l i t y  th a t fr e s h  plasma or s a lin e  cou ld  a l t e r  
the p r o p e r t ie s  o f  th e se  c e l l s  *in v itr o *  was n ex t in v e s t ig a te d .  
Some Rous-Turner b lood  was sp u n ,a t a slow  speed  fo r  a short 
t im e , and 1 c c . o f  c e l l s ,  reason ab ly  fr e e  from t h e ir  own super­
n a ta n t, were mixed w ith  2 cc . f r e s h  h ep a r in ised  plasma or 
0.85%  NaCl. Prom ta b le  6 i t  i s  seen  th a t  w ith in  an hour the 
median corp u scu lar  f r a g i l i t y  i s  so d ecrea sed  as to  be w ith in
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TABLE VI
C h a n g e s  i n  M ed ia n  C o r p u s c u l a r  F r a g i l i t y  a f t e r  r e c o n s t i t u t i o n
o f  C e l l s  i n  P la s m a  o r  S a l i n e
•
R e c o n s t i t u t i o n  i n
H e p a r i n i s e d  P la sm a 10 ,8 5 % H a d
D i l u e n t
% NaCl r e p r e s e n t i n g
Mo 0 oFo t r a c e
haem oly
s i s
M.O,F, t r a c e
h a e m o ly
s i s
R o u s - T u r n e r  
s t o r e d  21 d a y s
M .C .P . Go7 8 ^  NaCl 
20% h a e m o l y s i s  i n  
0.86% N a d
On m ix in g  
1 h r  a f t e r  m ix in g  
21 h r s  a f t e r  m ix in g
Oo7t
0o45
0 . 4 5
0 . 8 6
0 ,6 8
0 .6 2
0 . 7 3
0 ,4 8
0 . 4 9
10% i n
0,86%
0 , 7 2
0 ,6 8
C i t r a t e  G lu c o s e  X 
s t o r e d  19  d a y s  
MoCoP. Oo65% NaCl 
t r a c e  h a e m o l y s i s  i n  
0.86% NaCl
om m ix in g
h r s  a f t e r  m ix in g  
4  h r s  a f t e r  m ix in g
Co 56
0 ,4 1
0 , 3 9
0 . 7 6  
0 .5 8  
0 , 5 6
0 .6 1
0 .4 7
0 ,4 5
0 . 8 0  
0 .6 4  
0 . 6 0
C i t r a t e  p : lu c o se  VI 
S t o r e d  14 d a y s  
M .C .P . 0 .47%  NaOl 
t r a c e  h a e m o l y s i s  i n  
0.60% N a d
3 i  h r s  a f t e r  m ix in g 0 , 4 3 0 , 5 6 -
S t o r e d  21 d a y s  
MoC.P. 0 .50%  NaCl 
t r a c e  h a e m o l y s i s  i n  
0 .76%  NaClo
3 i  h r s  a f t e r  m ix in g 0 ,4 2 0 ,6 4
^ S to red  32 d a y s  
M .C .P . 0 .68%  NaCl 
t r a c e  h a e m o l y s i s  i n  
0 .86%  N aC l.
tt 0 . 6 3 0 . 7 9 ttm
Sodium  C i t r a t e  I I I  
s t o r e d  10  d a y s  
M .C .P . 0o46% N a d  
t r a c e  h a e m o l y s i s  i n  
0 o76% N aC l.
W 0 ,4 2 0 ,6 7  ’
H e p a r i n i s e d  B lo o d  
S t o r e d  13  d a y s  
MoC.Po 0o68% N a d  
t r a c e  h a e m o l y s i s  i n  
0 .84%  N a d .
h r s  a f t e r  m ix in g 0 ,6 7 0 , 8 0
D e f i o r i n a t e d  B lo o d II 0 , 4 6 0 .7 4s t o r e d  12 d a y s
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normal l i m i t s .  T h is  change has been noted  by de Gowin (1940) 
and e x p la in s  why many w orkers, u s in g  washed c e l l s ,  have found  
no in cr ea se d  f r a g i l i t y  o f  Rous-Turner c e l l s .
C e l l s  s to r e d  in  o th er d i lu e n t s  were th en  t e s t e d  in  the 
same way to  determ ine w hether th ey  to o  could  not be 'recon ­
s t i t u t e d * .  I t  was hoped th a t  r e v e r s i b i l i t y  o f  f r a g i l i t y  cou ld  
be dem onstrated  in  a l l  c e l l s  which su rv iv ed  w e ll  *in vivo*  
and th a t i r r e v e r s i b i l i t y  would g r a d u a lly  become apparent as  
*in v ivo*  su r v iv a l f e l l  o f f ,  p erh a p s,a s  m entioned b e fo r e ,a t  
th a t  p o in t  on the f r a g i l i t y  curve where the slo p e  s tee p e n s .
I t  was found t h a ^ c e l l s  w ith  low  osm otic f r a g i l i t y  showed
IKc osmotic -froirv Solu-tionS
no change even  a f t e r  24 hours. ^Cells /^ co n ta in in g  g lu co se  were
alw ays r e v e r s ib le ,  but a s  th ey  in crea se d  in  ag e , the c a p a c ity
to  rev e r se  became l e s s .  I t  was d i f f i c u l t  to  o b ta in  s i g n i f i -
for SKorf periods
ca n t r e s u l t s  w ith  you-ng b lood  storedj^w ithout g lu c o s e , but 
c e r t a in ly  no r e v e r s i b i l i t y  was dem onstrable in  the specim ens 
over te n  days o ld .
D is c u s s io n
To Jacob s i s  due the id ea  th a t the r e s is ta n c e  o f  c e l l s  
h yp oton ic
to  ky%e»ie s a l in e  h aem olysis depends upon t h e ir  power o f  
s w e llin g  to  accommodate a s u f f i c i e n t  in flo w  o f  w ater so th a t  
the c e l l  c o n te n ts  mey be rendered  iso o sra o tic  w ith  the e x te r io r .  
By ta k in g  up s la c k  the b iconcave d is c  becomes b icon vex  or
24
e v e n  g l o b u l a r  a n d  a t  a  c e r t a i n  ’c r i t i c a l *  v o lu m e  l o s e s  i t s  
h a e m o g l o b i n .  P o n d e r  a n d  8 a s lo w  ( 1 9 5 1 )  b y  d i r e c t  m e a s u r e m e n t  
o f  c e l l  r a d i u s ,  h a v e  show n t h a t  t h e  c e l l  f i r s t  b e c o m e s  s p h e ­
r i c a l  w i t h o u t  i n c r e a s i n g  »  i t s  s u r f a c e  a r e a ,  t h e n  g r a d u a l l y  
i n c r e a s e s  i n  s i z e  a n d  h a e m o l y s i s  a t  a  d e f i n i t e  v o lu m e .  G r o s -  
b i e  a n d  S c a r b o r o u g h  ( 1 9 4 1 )  f o u n d  t h a t  c e l l s  becom e s p h e r i c a l  
d u r i n g  s t o r a g e  a n d  i n c r e a s e  i n  v o lu m e  ; t h e r e  a r e  m any who 
c o n s i d e r  t h a t  t h i s  i s  t h e  r e a s o n  f o r  h a e m o l y s i s  d u r i n g  s t o r a g e .
The in crea sed  osm otic f r a g i l i t y ,  observed u lt im a te ly  in  
any d ilu e n t  during storage,m ay be due to  one o f  four fa c to r s  
or a com bination o f  any or a l l .  F i r s t l y  h y p e r to n ic ity  o f  
the d i lu e n t ;  io n s  and w ater may e n te r  s lo w ly  (a t  40^0) from 
the d ilu e n t  in  an endeavour to  e s t a b l is h  osm otic eq u ilib r iu m , 
the c e l l s  would then g ra d u a lly  become more and more h yp erton ic  
to  is o t o n ic  s a l in e  s o lu t io n s  and normal b lood . Second ly , o s -  
m o tic a lly  a c t iv e  su b sta n ces, e .g .  m e ta b o lite s , may be l ib e r a te d  
w ith in  the red  c e l l  from n o n -o sm o tic a lly  a c t iv e  su b sta n ces, 
and th ese  d if fu s in g  on ly  slo w ly  from the c e l l  wouldncause 
s w e llin g . T h ir d ly , the osm otic p ressu re o f  the haem oglobin  
in s id e  the c e l l  i s  many tim es g r e a te r  than th a t o f  the d ilu te d  
plasma p r o te in s  so th a t water may g ra d u a lly  p a ss in to  the c e l l  
because o f  t h i s  d if fe r e n c e  in  c o l lo id a l  osm otic p ressu r e . 
F o u rth ly , d eg en era tio n  o f  the red  c e l l  membrane w i l l  e v e n tu a lly  
take p la c e . In most o f  the d ilu e n ts  th ere  i s  a t f i r s t  a slow
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P is e  in  o sm otic  f r a g i l i t y  fo llo w ed  by a more ra p id  r i s e ,  
the o n se t o f  w hich , a s  has been  m entioned b e fo r e , o ccu rs  
much sooner in  b lood  sto red  w ith ou t g lu c o s e . I t  i s  su g g ested  
th a t  the f i r s t  th ree  fa c to r s  o p era te  s lo w ly  during  the gradual 
r i s e ,  but when the c e l l  membrane s t a r t s  to  d e te r io r a te  t h e ir  
in f lu e n c e  becomes more pronounced. T h is was a ls o  su g g ested  
by "M aizels (1 9 4 0 ). The c e l l s  do in c r e a se  in  s iz e  during  
s to r a g e , t h e ir  sodium co n ten t in c r e a s e s ,  and M a ize ls  has  
shown th a t  e s t e r  h y d r o ly s is  ta k e s  p la c e  w ith in  the c e l l ,  
in o rg a n ic  phosphorus r i s e s  and d i f f u s e s  o n ly  s lo w ly  in to  
th e  plasm a.
The rap id  in c r e a se  in  o sm otic  f r a g i l i t y  o f  c e l l s  c o l le c t e d  
in to  the Rous-Turner d i lu e n t ,  and the sm a ller  but s ig n i f i c a n t  
r i s e  found in  a l l  g lu c o se  s o lu t io n s  has q u ite  a sim ple ex p la ­
n a tio n . The q u e s tio n  o f  th e  p e r m e a b ility  o f  the red  c e l l  
membrane to  g lu c o se  has been very  much d isp u te d , but K lin g -  
h o f f e r  ( 1940) and M a ize ls  have shown th a t human e r y th r o c y te s  
are p e m e a b le . G lucose when added to  b lood  in  c o n c e n tr a t io n s  
l e s s  than 1.5% i s  im m ediately  e v e n ly  d is t r ib u te d  betw een the ’ 
w ater o f  c e l l s  and serum; a t g r e a te r  c o n c e n tr a t io n s  p en etra ­
t io n  i s  s lo w e r , but eq u ilib r iu m  i s  e v e n tu a lly  reach ed . There 
cannot th en  be a s o lu t io n  o f  g lu co se  i s o t o n ic  w ith  human 
e r y th r o c y te s . In the Nous-Turner d i lu e n t ,  in c r e a se d  f r a g i l i t y  
i s  due to  d i lu t io n  o f  the plasm a d ilu e n t  e l e c t r o l y t e s  by the
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w ater o f  the s o - c a l l e d  i s o t o n ic  g l u c o s e , t h e  w ater co n ten t  
o f  the c e l l s  in c r e a s e s  so  w i l l  the g lu c o se  c o n te n t. When 
p la ce d  in .n o rm a l s a l in e  or plasm a th e se  c e l l s  w i l l  lo s e  w ater  
and g lu co se  to  t h e ir  h y p erto n ic  su rrou n d in gs, and the c e l l  
f r a g i l i t y  w i l l  r e tu rn  towards i t s  normal f ig u r e .  I t  i s  e x tr a ­
o rd in a ry  th a t  c e l l s  can rem ain s tr e tc h e d  fo r  such lo n g  p e r io d s  
and y e t  m a in ta in  t h e ir  h i b io lo g ic a l  fu n c t io n  unim paired.
S u crose ren d ers c e l l s  more r e s i s t a n t  t o  s a l in e  h a em o ly sis;  
Mreed fKese ca//$
/ fet ored in  t h i s^ d i lu e ntji^sediments veyy  r a p id ly  p rob ab ly  b ecau se 
and
' t he o e l l s^are s e  sm a ll, th e mean co rp u scu la r  volume found i s  
u s u a l ly  65>U?. S in ce h a em o ly sis  d o es occur in  t h i s  d ilu e n t  i t  
must be due to  a fa c to r  o th er  than  b u r stin g  o f  th e  red c e l l  
membrane a s  a r e s u l t  o f  s w e ll in g .
The b e n e f i c ia l  e f f e c t  o f  g lu c o se  upon c e l l  s u r v iv a l may 
be e x p la in e d  in  s e v e r a l ways. (1 )  I t  may form a source o f  
n u t r i t io n ,  th u s m a in ta in in g  c e l l  m etabolism  and p rev en tin g  
d eg en er a tiv e  changes from o ccu rr in g  in  the c e l l  membrane; 
in  c i t r a t e d  or d e f ib r in a te d  b lood  the normal b lood  sugar l e v e l  
i s  reduced  to  20 -10  ragm% d uring  5 d ays sto ra g e  and t h i s  l e v e l  
o f  red u cin g  su b sta n ce s  i s  th en  m ain ta in ed . I t  may on ly  be a 
co in c id e n c e  th a t  a f t e r  f iv e  days s to ra g e  d e t e r io r a t io n  in  
th e se  d i lu e n t s  i s  ra p id . When 1% g lu c o se  i s  added 0.5% w t i l l  
rem ains a f t e r  5 weeks s to r a g e . M a ize ls  (1940) has shown th a t  
g lu c o se  in h i b i t s  the breakdown o f  p h osp h oric  e s t e r s  w ith in  
th e  red  c e l l ,  and th u s  the l ib e r a t io n  o f  in o rg a n ic  phosphorus.
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I t  i s  p o s s ib le  th a t p a r t  o f  the m etabolism  o f  the c e l l  i s  
dependent upon the balance between p h o sp h o ry la tio n  and 
g l y c o l y s i s ,  and when a l l  the g lu c o se  i s  u sed  up g ly c o ly s i s  
c e a s e s  and r e s y n th e s is  o f  phosp h oric e s t e r s  cannot take p la c e .
(2 )  B lood s to r e d  w ith  g lu c o se  becomes s l i g h t l y  a c id . 
M a ize ls  (1935) has shown th a t the p e r m e a b ility  o f  red  c e l l s  
t o  c a t io n s  i s  reduced in  a c id  s o lu t io n .  He has a ls o  found 
th a t  the degree o f  h a em o ly sis  i s  reduced in  s l i g h t l y  a c id  
s o lu t io n s .  G&est (1932) dem onstrated  th a t  e s t e r  h y d r o ly s is  
and s y n th e s is  w ith in  the red c e l l s  was very  slow  below  pH 
7 .3 .  Perhaps then  the g e n e r a l ra te  o f  m etabolism  and needs  
o f  the c e l l  are reduced in  w eakly a c id  s o lu t io n s .
(3 )  M a ize ls  (1940) found th a t  c e l l s  p la ced  in  g lu co se  
s o lu t io n s  had an in c r e a se d  e x t e n s i b i l i t y ,  the maximum s w e llin g  
in  s a l in e  s o lu t io n s ,b e fo r e  h a em o ly sis  took  p la ce^ b e in g  64%» 
w h ile  w ith  the a d d it io n  o f  1% g lu c o s e  i t  rose  to  84%.
I t  i s  not q u ite  so ea sy  to  determ ine why the Rous-Turner 
d i lu e n t  should  be su p er io r  to  the ord in ary  c i t r a t e  g lu c o se  
m ix tu re s . The pH i s  s l i g h t l y  low er than  in  the o th er  g lu co se  
m ix tu res  so th a t  the p o s s ib le  b e n e f i c ia l  e f f e c t s  o f  low ered  
pH may be here enhanced. A lthough no ro u tin e  sed im en ta tio n  
r a te s  were perform ed i t  was n o t ic e d  th a t  the c e l l s  s e t t l e d  
v ery  s lo w ly  in  th e se  b o t t l e s .  T h is d ecrea sed  sed im en ta tio n  
r a te  i s  most probably  due to  d i lu t io n  o f  th e  plasma g lo b u lin
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and f ib r in o g e n  and th e la r g e  volume o f  c r y s t a l lo id  p r e se n t. 
[Pahraeus (1 9 2 9 ) .]  Pahraeus (1939) showed th a t  i f  red  c e l l s  
are a llow ed  to  sedim ent and then  shaken up in  t h e ir  own 
su p ern atan t plasm a th ey  p o s s e s s  an in cr e a se d  su sp en sio n  
s t a b i l i t y ;  t h i s  he reg a rd s i s  due to  th e  a c t io n  o f  a sub­
sta n ce  which has been id e n t i f i e d  a s  l y s o l e c i t h i n .  L y s o le c i lh in  
i s  a v ery  p o te n t  h aem olysin  which d is p e r s e s  the l ip o p r o te in  
m onolayer o f  the red  c e l l  membrane. Sm all q u a n t i t ie s  are  
formed in  b lood  o n ly  when the c e l l s  and plasm a sep a ra te  in to  
two la y e r s .  T h is  work i s  unconfirm ed, but i t  may be th a t  
l y s o l e c i t h i n  i s  r e sp o n s ib le  fo r  c e l l  membrane d e te r io r a t io n  
d u rin g  s to r a g e . To t e s t  t h i s ,  a few  o f  th e  M.S.C. c i t r a t e  
g lu c o se  b o t t l e s  were k ept w e l l  mixed d u rin g  sto ra g e  by ca re ­
f u l l y  in v e r t in g  them a t  s u ita b le  in t e r v a ls  so  th a t  sedim enta­
t io n  n ever  occu rred . The r e s u l t s  were d isa p p o in t in g  s in c e  
no improvement in  the *in v ivo* s u r v iv a l  o f  the b lood  was 
found. However, th ere  s t i l l  rem ains the p o s s i b i l i t y  th a t  
l y s o l e c i t h i n  fo rm a tio n  may be much slow er in  the Rous-Turner 
m ix tu res  on account o f  th e  slow er se p a r a tio n  o f  th e  c e l l s  from  
the plasm a d i lu e n t .  Pahraeus a ls o  found th a t le c i t h in a s e  
r e s p o n s ib le  fo r  the co n v ers io n  o f  l e c i t h i n  in to  l y s o l e c i t h i n  
i s  m axim ally a c t iv e  in  weak a lk a l in e  s o lu t io n s ,  the a c t i v i t y  
b e in g  v ery  much reduced in  a c id  s o lu t io n s ;  the low er pH o f  
a l l  g lu c o se  m ix tu res would c e r t a in ly  be an advantage i f  red  
c e l l  d e t e r io r a t io n  i s  due to  the form ation  o f  l y s o l e c i t h i n .
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The e le c tr o p h o n e t ic  speed  o f  red  c e l l s  g r a d u a lly  in ­
c r e a s e s  a s th ey  mature and age and t h i s  i s  sa id  to  be due to  
in c r e a se d  a b so rp tio n  o f  io n s  on to  t h e ir  s u r fa c e s , and th e r e -I
fo r e  Im p erm eab ility  to  c a t io n s  (S tep h en s 1 9 4 0 ). Slow e le c tr o -
p h o n e tic  sp eeds are c h a r a c te r is t ic  o f  red  c e l l s  w ith  slow
se d im en ta tio n  r a t e s ,  red  c e l l s  in  g lu c o se  s o lu t io n s  (probab ly
due to  t h e ir  d ecrea sed  sed im en ta tio n  r a te )  and red  c e l l s  in
a c id  m edia. G lucose and low ered  pH may th e r e fo r e  h e lp  in
th e p r e s e r v a t io n  o f  e r y th r o c y te s  by m a in ta in in g  t h e ir  normal
im p erm ea b ility  to  c a t io n s .
The Rous-Turner d ilu e n t  would be m ost im p ra c tica b le  fo r
g e n e r a l u se  in  b lood  banks (1 )  becau se i t  would have to  be
s to r e d  in  2 l i t r e  b o t t l e s ;  (2 ) th e b lood  i s  so d i lu te d  th a t
th e  supernatant plasm a would alw ays have to  be removed b efo re
tr a n s fu s io n  and (3 )  o ld  b lo o d  cou ld  not be u t i l i z e d  as a
source o f  plasm a becau se the p r o te in  c o n c e n tr a t io n  i s  so low. 
C^ jls iVv
^ d i lu e n t  X however, c o n ta in in g  180 cc 5.4% g lu c o s e , 40 cc 5% 
sodium c i t r a t e  and 320 cc  o f  b lood  a ls o  sed im ent#  s lo w ly  
and showed good *in  v ivo*  su r v iv a l a t  the c r i t i c a l  p er io d  
o f  18 -20  days s to ra g e  ( s e e  T able I I I ) .
Summary
(1 )  A method f o r  fo llo w in g  q u a n t i ta t iv e ly  the s u r v iv a l  o f  
tr a n s fu se d  c e l l s  in  a r e c ip ie n t  i s  d e sc r ib e d . I t  i s  
a p p lic a b le  to  the d eterm in a tio n  o f  the fa te  o f  s to r e d
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b lo o d , and the f a t e  o f  b lood  in  many p a th o lo g ic a l  
c o n d it io n s . I t  may a ls o  be used  ih  the e s t im a t io n  o f  
b lo o d  valuicne.
(2 )  F resh  e r y th r o c y te s  tr a n sfu se d  may be re c o g n iz e d  in  the  
r e c ip ie n t  during  100 days.
(3 )  B lood s to re d  up to  21 days in  the M.R.C. c i t r a t e  g lu co se  
m ixture l o s e s  l i t t l e  o f  i t s  th e r a p e u tic  v a lu e . There­
a f t e r  d e te r io r a t io n  i s  ra p id . D e te r io r a t io n  o f  c e l l s  
occu rs a f t e r  5 days s to ra g e  w ith ou t g lu c o se .
(4 )  B lood s to r e d  in  many d i lu e n t s ,  recommended on ’ in  v i t r o ’ 
c r i t e r i a ,  were t e s t e d  fo r  p ercen ta g e  h a e m o ly s is , osm otic  
and m echan ical f r a g i l i t y  and pH ch an ges, to  determ ine  
w hether any c o r r e la t io n  e x i s t e d  betw een ’ in  v iv o ’ and 
’ in  v i t r o ’ p r o p e r t ie s .  B loods w ith  a h igh  p ercen ta g e
o f  h a em o ly sis  may be d isca r d e d . Osmotic f r a g i l i t y  
t e s t s  may be a v ery  f a l l a c i o u s  gu ide to  ’ i x  vivoo ’ sur­
v iv a l .  I t  was found however th a t th e  h igh  osm otic  fr a ­
g i l i t y ,  shown by c e l l s  s to r e d  in  some g lu c o se  s o lu t io n s ,  
was re v er sed  by plasma or isoTbomic s a l in e .  Changes in  
m echan ica l f r a g i l i t y  were no gu ide to  ’ in  v i v o ’ su r v iv a l,
(5 )  The b e n e f ic ia l  e f f e c t s  o f  g lu c o se  on ’ in  v iv o '  su r v iv a l  
are a s s o c ia t e d  w ith  the m aintenance o f  normal c e l l  meta­
b o lism , d ecrea se  in  the pH o f  the m ix tu res and in cr ea se d  
e x t e n s i b i l i t y  o f  the red  c e l l  membrane.
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(6 )  R apid d e t e r io r a t io n  o f  b lood  in  the Rous-Turner d i lu e n t  
d o es not b e g in  u n t i l  a f t e r  one m onth’s s to r a g e . The 
s u p e r io r i t y  o f  t h i s  d i lu e n t  may be a s s o c ia t e d  w ith  th e  
slow  se d im en ta tio n  r a te  o f  the c e l l s  and th e r e fo r e  
t h ^ lo w e r  f o m a t io n  o f  l y s o l e c i t h i n .
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PARTITION OF POTASSIUM IN STORED
BLOOD
B Y
C. B. B. DOWNMAN, B.Sc. 
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From the Emergency Blood Transfusion Depot, Sutton  
{Medical Research Council)
The increasing use of stored blood fo r transfusion  p u r­
poses calls for an  extension of our know ledge o f the 
stability o f the hum an red  cell w hen kept for long periods 
in vitro . In general the norm al properties o f the red 
blood corpuscle appear to be best preserved in undiluted 
hum an plasm a ; but an indication o f rap id  changes in the 
chem istry of shed blood is found in w ork upon blood 
potassium , im m ediate separation of the form ed elem ents 
being necessary if a true estim ate of the p lasm a potassium  
is to be obtained (M yers and  Short, 1921 ; W ilkins and 
K ram er, 1923 ; D ulière, 1931a, 1931b). Recently Scudder, 
D rew , C orcoran , and  Bull (1939) found  a rise o f plasm a 
potassium  when hum an blood was kept a t 2°-4°  C. The 
reported  increase was so large that it seemed necessary 
to repeat the work and endeavour to find a practical 
m ethod of lim iting these changes. A  solution to this 
problem  is likely to prove difficult, since Scudder et al. 
also showed tha t the change in p lasm a potassium  content 
was independent of the type of anticoagulant used, and 
that it took place in blood stored, w ithout adm ixture, 
under oil.
We here record  variations . o f plasm a potassium  level 
in blood stored according to the curren t practice of the 
M edical R esearch C ouncil’s Blood Supply D epots. The 
relation o f these changes to haem olysis and the influence 
of certain  physical factors are also discussed.
Plasma Potassium Level
360 c.cm. of blood from  the antecubital vein was col­
lected in the s tandard  M .R.C . bottle, coagulation being
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prevented by the addition  o f 180 c.cm. of 1.05 per cent, 
sodium  citrate  in 0.85 per cent, sodium  chloride. The 
bottles were capped and  stored a t 2 °-4 °  C. in the dark  
(M edical R esearch C ouncil, 1939 ; V aughan, 1939). 
Sam pling, w ith aseptic precautions, was preceded by 
thorough m ixing o f the blood by repeated  inversion o f 
the bottle. F orm ed  elem ents were rem oved by cen tri­
fuging for ten m inutes a t 4,000 r.p.m . an d  respinning the 
superna tan t p lasm a. C ontro l experim ents, in which 
fu rther spinning was carried  out, indicated the  rem oval 
o f all red  cells. O n com pletion o f a  series o f estim ations 
on any sam ple o f blood the b lood rem ain ing  in  the bottle  
was tested fo r infection  by incubation  a t 38° C. fo r forty- 
eight hours, w ith subsequent subculture to  b ro th  o r agar 
slopes.
Potassium  was estim ated by the m ethod of K ram er and 
Tisdall (1921a). A  prelim inary  series o f estim ations 
show ed tha t traces of free haem oglobin  caused consider­
able e rro r, the app aren t potassium  som etim es fa r exceed­
ing the w hole-blood figure, a fact w hich h ad  been noticed 
also by D ulière (1931a). All subsequent estim ations, 
therefore, were m ade on two aliquots o f a  trichloracetic 
acid filtrate, K ram er and  T isdall (1921b) having shown 
tha t the presence o f this acid does n o t affect the accuracy 
of the m ethod. T he figures quo ted  th ro u g h o u t this paper 
represent the concen tration  of potassium  in the p lasm a- 
an ticoagulan t m ixture.
Results.— (1) E ighteen bottles of blood were sam pled 
daily fo r fourteen  days. In each the plasm a potassium  
increased rapidly in the first week, averaging 102 +  17 mg. 
per 100 c.cm. at seven days. T he process then slowed 
up, and th roughou t the second week the values gradually  
approx im ated  to  the w hole-blood figures (Fig. 1). I t was 
difficult to prevent infection o f the blood by air-borne 
organism s w hen bottles w ere opened frequently . H ow ­
ever, it was found  th a t there was no  difference o f  ra te  
o f potassium  repartition  between infected and non-infected 
sam ples.
(2) R andom  sam plings of bottles kept in  stock also 
showed that the p lasm a potassium  concen tra tion  is related  
to the tim e of storage. T he scatter o f values indicated 
a rapid  rise in the first week, up  to  8 0 + 1 6  mg. per 
100 c.cm. at seven days. As before, subsequent estim a­
tions showed tha t the figures app rox im ate  to  the whole- 
blood level, though un ifo rm  d istribu tion  o f potassium  
between cell and plasm a m ay no t be o b ta ined  even a fte r 
three m onths (Fig. 2). The m ean potassium  value in this
series was low er than  w hen the bottles w ere opened  daily  ; 
this m ay  be associated  w ith the trau m a  caused  by  the 
repea ted  d is tu rbance  o f  bottles in the first series.
Conclusions .— T h e  d is tribu tion  o f po tassium  in b lood 
sto red  in the  m an n er a lready  described changes p ro ­
gressively from  the  tim e o f shedding. T h e  sh ift o f  the
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F ig. 1.— Plasma potassium concentration in bottles sampled _______ ,_______
daily. Ordinate =  mg. potassium per 100 c.cm. Abscissa =  time
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F ig. 2.—Plasma- potassium concentration of bottles taken
from stock at random. Ordinate =  mg. potassium per 100 c.cm. 
Abscissa =  time of storage in days. Temperature 2°-4° C.
cation  is very rap id  during  the first few hours : in itially 
10 mg. per 100 c.cm., the concen tra tion  in the  plasm a 
m ay rise to 15-20 mg. per 100 c.cm. w ithin th irty  m inutes. 
T he graphs show two phases of red istribution , the rate 
being relatively rap id  th roughou t the first week and slow er 
after seven days. T he flattening of the curves is no t due 
to the atta inm en t of an  even d istribu tion  o f the ion 
th roughou t the m ixture, because the plasm a value is still 
well below the corresponding  w hole-blood value. T here 
is considerable varia tion  in the p lasm a potassium  con­
cen trations of b lood of the sam e age— for exam ple, afte r 
seven days they range from  five to  ten tim es the initial 
figure. I t is im possible to predic t the am oun t o f ex tra ­
cellular potassium  in any bottle, the ra te  o f  red istribu tion  
depending apparen tly  upon som e specific p roperty  of the 
blood, and the cause o f the varia tion  is a t present 
unknow n.
Relation to Haemolysis
T he increasing concen tra tion  o f potassium  in the plasm a 
is due to the escape o f the ion from  the red cells. N o t 
only do these elem ents fo rm  the only large reserve of 
potassium  in the m ixture, bu t con tro l experim ents showed 
that there was no  altera tion  o f the p lasm a potassium  co n ­
cen tra tion  in the absence o f form ed  elem ents. T he  basic 
m echanism  m ay involve (a) haem olysis, the cell losing 
both haem oglobin  and  salts, o r (b) m ovem ent o f the 
cation  alone th rough  an altered  m em brane. T he follow -
Table showing Relation o f H aem olysis to Plasma Potassium  
Increase : B lood-C itrate-Saline M ixture ; Tem perature 2°-4°  C.
N o. o f 
Experim ent
Age in 
Days
Potassium  (mg. 
per 100 c.cm.)
H aem oglobin 
gram m e %
Potassium  
Equivalent 
to Free H b
0 11 — —
678 7 78 0.04 0.6
14 92 0.20 2.8
0 13 — —
679 - 7 73 0.03 0.4
14 88 0.08 1.0
0 11 — —
680 - 7 72 0.07 1.0
14 90 0.17 2.0
R ight-hand colum n shows theoretical increase o f  plasm a potassium  (in mg. 
p e r ipO c.cm.) equivalent to  estim ated loss o f  haem oglobin from  red cells.
ing observations p rove th a t the  p lasm a po tassium  co n ­
cen tra tio n  is n o t an  index  o f haem olysis:
1. Potassium and haem oglobin concentrations in the plasma 
vary independently : a mbre deeply stained plasma may actually 
contain less potassium than one which is free o f pigment.
2. The potassium may increase up to seven times the initial 
level before haemolysis can be detected by the naked eye.
3. Direct estimations o f the haem oglobin in plasma were 
made by matching against known dilutions of laked blood. 
The observed haemolysis accounted for a small proportion of 
the extra potassium only. For example, in Experiment 678 
(see table) the liberation by red cells of 0.2 gramme haem o­
globin into 100 c.cm. plasma would entail the simultaneous 
appearance o f 2.8 mg. potassium, which is only 3 per cent, of 
the actual figure.
Altered Conditions of Storage
In  all the experim ents so fa r  rep o rted  the b lood  was 
kep t under cond itions fa r  rem oved  fro m  those  o b ta in in g  
in the body. I t  w as venous w hen taken , and  cou ld  n o t 
undergo  any  ap p rec iab le  gaseous exchanges befo re  the 
b o ttle  was sealed off. I t was cooled to  a low  tem p era tu re  
and  d ilu ted  w ith  a  w atery  so lu tion  o f  fo re ign  salts. 
P revious w orkers have show n th a t these a lte ra tions  o f 
en v iro n m en t cause a  change o f perm eab ility  o f th e  cell 
m em brane. Jacobs and  P a rp a rt (1931) investigated  the 
effect o f oxygen tension  and  tem p era tu re  changes on  the 
osm otic resistance o f the ery th rocy te , and  K err  (1929) 
fo llow ed the m ovem ent o f po tassium  betw een cell and  
p lasm a upon  the  add itio n  o f various diluents. T h e  fo l­
low ing experim en ts w ere an  a ttem p t to  estim ate  the p a rt 
p layed by such fac to rs  in the  p ro d u c tio n  o f the  observed 
changes.
D ilution and Salt Concentration .— T en sam ples o f blood 
w ere s tud ied  as fo llow s: (1) th ree  w ere received on  to  
enough  sod ium  c itra te  crystals to  give a  final c o n ce n tra ­
tion  o f  0.305 g ra m m e /100 c.cm . m ix tu re  ; (2) th ree  w ere 
co llected  in to  3 per cent, sod ium  citra te , 40.8 c .c m ./360 
c.cm . b lood , giving a final concen tra tion  as b efo re  ;
(3) fo u r w ere m ixed  w ith  a so lu tion  o f  h ep arin  (liquem in), 
2.5 c.cm . ( =  10 m g. heparin ) /150  c.cm . b lood. All 
th e  bo ttles w ere k ep t a t 4° C. and  p lasm a po tassium  was 
estim ated  every  fo rty -e igh t hours. R ed u c tio n  o f the 
vo lum e o f  d iluen t d id  n o t cause significant a lte ra tio n  o f 
th e  ra te  o f red is trib u tio n  o f po tassium , since th e  figures 
o b ta in ed  in E x p erim en t 2 show ed a rise in  the p lasm a 
to  129-132 m g. per 100 c.cm . in  seven days. A  sim ilar 
resu lt w as ob ta in ed  in E x p erim en t 1, w here sod ium  c itra te
crystals were used as the an ticoagulant. T he use o f 
heparin  in E xperim ent 3 likewise failed to affect the usual 
rise in p lasm a potassium , although the plasm a dilution 
was negligible and there had  been no add ition  o f foreign 
salts (Fig. 3).
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Fig. 3.—Effect of dilution upon ion distribution. Anti­
coagulant 1 = solid citrate ; 2 =  3 per cent, citrate (initial 
estimate unreliable); 3 = heparin. Ordinate =  mg. potassium 
per 100 c.cm. Abscissa =  time in days. Temperature 2°-4° C.
Oxygen Tension .— F o u r sam ples of b lood w ere taken  
into the usual c itra te -sa line  solution. T he air in  the 
bottles was replaced by oxygen a t two atm ospheres 
pressure, the blood rap id ly  becom ing b righ t red  w ith 
repeated inversion o f the bottle. T he  sam ples w ere kep t 
a t 2 ’’-4 °  C., the oxygen pressure being m ain tained . T he  
plasm a potassium  show ed the usual rap id  rise to  a  h igh 
level, averaging 82 mg. per 100 c.cm. a fte r six days (Fig. 4). 
S aturation  w ith Oo under these conditions does no t 
reduce the loss o f the ion from  the red  cell.
Temperature .— E ight sam ples of b lood  w ere taken  into 
c itra te -saline  and  studied as follow s : (1) tw o w ere kep t 
a t 38® C. ; (2) six w ere kep t a t room  tem peratu re , p ro ­
tected from  draughts. E ach bottle in both  series w as 
sam pled every forty-eight hours. A t 38® C. the p lasm a 
potassium  concen tration  rose rapidly  to 140-150 mg. per 
100 c.cm. in six days. O n the o ther hand , in the sam ples 
kept at room  tem peratu re the rise was significantly less
rap id  th a n  in  any  kep t a t 2 ° -4 °  C. T he  g rap h  fo r the 
first w eek o f s to rage is p ractica lly  a  s tra ig h t line, the  levels 
reach ing  only  44 +  7 mg. per 100 c.cm . in  six days 
(Fig. 4).
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Fig. 4.— Variation oi temperature and of oxygen tension.
1 =  bottle stored at 38° C.; 2, 2 =  bottles stored at room 
temperature; 3 =  storage under two atmospheres oxygen. 
Ordinate =  mg. potassium per 100 c.cm. Abscissa =  time in 
days.
T h e  bottles w ere sam pled  by a closed m ethod , and  a ir 
en tering  w as passed  th ro u g h  a Jen a  glass filter. In  spite 
o f these p recau tions  all the bottles o f th is series w ere 
fo u n d  to  be in fec ted  w ith  a ir-b o rn e  o rganism s to  an  
ex ten t w hich  preven ted  accu ra te  assessm ent o f  the 
influence o f  tem p era tu re  on  the rep a rtitio n  o f po tassium . 
T h e  findings do suggest, how ever, one m eans o f slow ing 
u p  th e  process, a lthough  obviously  this w ould  only  p ro v e  
usefu l if in fec tion  o f  the b lood  could  be prevented 
absolutely .
Discussion
O ur resu lts  confirm  those o f Scudder et a i ,  an d  show  
th a t the to ta l am o u n t o f ex trace llu lar po tassium  in M .R .C . 
bottles s to red  a t 2 ° - 4 “ C. m ay  be 0 .2 -0 .4  g ram m e w ithin  
one w eek. T h is change  is m u ch  g rea ter th a n  an y  o the r 
yet d em o n stra ted  in  b lood  du ring  th e  first tw o w eeks o f 
s to rage ; and , w hatever the clin ical in terest, it does p ro ­
vide one usefu l index fo r  co m p arin g  different m ethods 
o f p reserv ing  blood fo r transfu sion  purposes.
8I t is know n that po tassium  salts are toxic when 
adm inistered in large am ounts, the ion affecting p a rticu ­
larly the card iovascular system — for exam ple, Thom son 
(1939) has recorded p ronounced  changes in the e lectro ­
card iogram  when potassium  salts were adm inistered per os. 
T here is, how ever, no  clinical evidence th a t the am oun t 
of potassium  likely to be available in the volum e o f blood 
generally used for transfusion  w ould be sufficient to p ro ­
duce toxic m anifestations. Indeed, the absence o f toxic 
sym ptom s in cases receiving large volum es o f stored blood 
suggests tha t this rep artitio n  o f po tassium  m ay be o f 
m inor clinical im portance only.
T he desire to find a m eans o f lim iting or preventing the 
repartition  of po tassium  is only partia lly  realized. The 
m ovem ent o f the ion  is considerably  less a t room  tem pera­
ture, but the possibility o f infection is m uch increased 
and in troduces an  undesirable com plication unjustifiable 
in practice.
Summary
In blood stored according to current Medical Research 
Council specifications the plasma potassium concentration rises 
rapidly during the first week to five to ten times the initial 
level ; thereafter the rise is comparatively slow.
The source of this potassium is the red cell, from which it is 
liberated quite independently of haemolysis.
At room temperature the plasma potassium concentration 
rises much less rapidly, reaching only 44 + 7 mg. per 100 c.cm. 
in six days.
Reduction of the volume of diluent, absence o f foreign salts, 
increase of oxygen tension, or storage at 38° C. did not reduce 
the rate of redistribution of the ion.
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T h e  opinion that the erythrocytes of stored blood do not survive long 
after transfusion has been expressed by many authors; thus Riddell 
[1939] considers that because of the increased fragility of the cells of 
blood that has been stored for more than four days, “ it is very doubtful 
whether it would exert any prolonged therapeutic effect.” Marriott 
and Kekwick [1940] sum up available evidence as follows: “ Red cells 
of blood conserved for more than a week by present methods do not 
last long in the recipient.” Again, Edwards and Davie [1940] state : 
“ Aged erythrocytes and those in which the fragility has been increased 
have only a short effective span of life and can therefore have little 
lasting value.”
These statements are, perhaps, rather surprising, since in 1916 
Peyton, Rous, and Turner [1916], from their experiments on rabbits, 
concluded that cells stored up to two weeks function normally after 
transfusion. This conclusion was reached after studying blood counts 
and estimating the excretion of hæmoglobin and bile pigments, etc.
In March of this year we had the opportunity of examining some 
results obtained by Dr. J. 0 . Oliver, then Director of this Depot, and 
Dr. G. L. Taylor of the Galton Laboratory Serum Unit. They followed 
seven cases by the direct differential method (referred to below), 
using M and N agglutinating sera. They were able to show that trans­
fused erythrocytes of stored blood survived for some weeks after 
transfusion. In one patient, for instance, who received 11-day-old 
blood the donor cells could be identified by direct agglutination after 
51 days.
The object of this investigation has been to extend these observa- 
• tions further and in greater detail and to apply to the problem a method 
capable of giving quantitative results. Methods of following quanti­
tatively the fate of transfused erythrocytes are all based upon the 
method described by Ashby [1919 a]. This, in brief, consists of the 
transfusion of cells of Group 0  to a recipient of Group A. After 
transfusion the recipient’s blood contains two types of cells, 0  and A. 
The A cells can be “ rem oved” with alpha serum and the free (0) ceUs
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counted. Actually a small fraction of the A cells are not agglutinated, 
and constitute a blank value to be deducted from the total of free cells.
Wiener [1934] has adopted the method using the sub-groups M and 
N. For example, if cells of Group M are transfused to a recipient of 
Group N, the N cells can be agglutinated and the free (M) cells of the 
donor counted. Considerable criticism has been levelled both at the 
general validity of these methods and also at the reliability of the 
technique. Isaacs [1924] suggested that following transfusion a number 
of immature cells would be thrown into the circulation, and being, 
as he thought, inagglutinable, would simulate donor cells. Ashby 
[1924], however, showed that the extent of the rise in the inagglutinable 
count depended upon the quantity of blood transfused and upon the 
patient’s body-weight. Furthermore, this rise did not occur when a 
patient of Group A received a transfusion of Group A blood but only 
when Group 0  blood was transfused.
In addition, if blood of Group M is transfused to a patient of Group N  
a further refutation of Isaacs’ theory may be made. Before the trans­
fusion, agglutination with anti-N serum will leave free only a small 
fraction of the patient’s cells—the blank “ inagglutinable count.” 
Following the transfusion a greatly increased number of free cells will 
be found. I f now a sample of the recipient’s blood is agglutinated 
with anti-M serum in addition, it will be found that this excess is 
“ rem oved” and only a small fraction of free cells, equivalent to the 
initial blank figure, is left. We have performed this experiment several 
times and always with the same results.
The reliability of the technique has been carefully considered by 
Jervell [1924], who reached the conclusion that the method of Ashby 
could yield im%iortant quantitative results. He considered that the 
error of the method was plus or minus 10 per cent., but was careful to 
point out that the potency of the sera used and the effects of tempera­
ture, concentration, etc., are of great importance. A convincing 
demonstration of the quantitative nature of the results may be made 
by performing agglutination of the same cells with two different sera 
(viz. of the ABO and MN systems). A description of such an experi­
ment is given in the Appendix.
The object of the work here described has been primarily to perform 
quantitative estimations of the numbers of donor erythrocytes surviving 
at various periods after the transfusion of stored blood. In addition 
ail attem pt has been made to support the contention that the figures 
have a quantitative significance.
T h e  B l o o d  u s e d  f o r  T r a n s f u s i o n .
In every case blood was taken from supposedly healthy donors 
into a diluent consisting of 1*05 per cent, sodium citrate in 0-85 per cent.
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saline. 360 c.c. of blood were taken into 180 c.c. of this diluent. 
Sufficient glucose was added to the citrate saline mixture after auto- 
claving to provide a final concentration of 1 per cent, in the blood 
mixture.
Since many transfusions were of the 0  to A type, a suspension of 
cells only was used to avoid the possible transfusion of a large bulk of 
high titre agglutinins. This can be very conveniently accomplished since 
stored blood sediments quite rapidly and the supernatant plasma may 
be removed. In most cases the cells were resuspended in IT per cent, 
saline with 1 per cent, glucose as this solution produces minimal 
hæmolysis [MacQuaide and Mollison, 1940]. In a few cases the cells 
were given in a minimal quantity of plasma. Different quantities of 
this cell suspension were given to different patients, but usually the 
equivalent of two bottles of stored blood (i.e. 720 c.c. of whole blood) 
was given. The blood was stored at 4° C. for various periods (1-29 
days) before transfusion. The blood was usually given at approximately 
3-10 c.c. per minute.
Cl in ic a l  M a t e r i a l .
The majority of the patients transfused were suffering from anæmia 
connected with pregnancy or parturition. A certain number were 
delivered whilst they were still under observation, and an indication 
of this is given in the figures.
M e t h o d s .
The experiments can be divided into three groups :
1. Simple 0  to A or M to N transfusions.
The results of these experiments have been combined in figs. 1 and 2.
2. A combination of the above two methods in the same patient. For 
example, patient A. C. belonged to Group BN, and was transfused with blood of 
Group OM. The donor erythrocytes could be counted after agglutination of the 
recipient’s cells either with beta serum or with anti-N serum, neither of these 
sera agglutinating the donor erythrocytes. The parallelism between the two 
sets of figures is striking. We consider that the three cases followed in this 
way afiord strong evidence of the quantitative validity of our other results. 
Martinet [1938] used a similar method as a check upon his experiments, using 
the M and N sub-groups. However, his experiments were only qualitative.
As mentioned above, we also applied this method to our in vitro experiments, 
and an example is given in the Appendix.
3. The measurement of the survival of two different transfusions in the 
same patient :
(а) Transfusions of two different “ ages” of blood.
(б) Transfusions of blood stored in two different ways.
These experiments are in the nature of controls.
The simplest method illustrated by the patient E. (see fig. 4) is to give a 
second transfusion at a sufficient interval after the first and when all the cells 
of the first transfusion have been destroyed.
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This method involves observing a patient for many months, and the patient’s 
ability to deal with the transfused cells may have altered in the meantime. 
To avoid these difficulties, if the recipient is of Group AB two transfusions 
may be given simultaneously and followed separately. This can be most 
simply done by giving one transfusion of Group A and one of Group B. It 
may also be done by giving some blood of Group 0  and some of Group A; 
thus, in the patient D. S., a transfusion of 4-day-old blood of Group 0  was 
followed by a transfusion of 21-day-old Group A. After these two trans­
fusions agglutination with beta serum left free the cells (A plus O) of both 
transfusions. With alpha serum only the 0  cells of the first transfusion was 
left free. By simple arithmetic the number of A cells surviving could be 
counted.
Since persons of Group AB do not amount to more than 3 2 per cent, of the 
London population [Wiener, 1939], a more generally applicable method is the 
use of the M and N sub-groups in addition. Thus, if a patient of Group AM 
is transfused (i) with OM blood, and (ii) with AN blood, agglutination with 
alpha serum will leave free the OM cells of transfusion (1), and agglutination 
with anti-M sera will leave free the AN cells of transfusion (2).  ^ The two 
transfusions can be given immediately one after the other (a little sahne being 
washed through the apparatus in between).
Although we have performed all our experiments quantitatively, 
we have in some cases used the method of “ Direct differentiation” 
[Dekkers, 1939] to determine the “ end-point.” This method consists 
in the identification of the donor cells by direct agglutination, using 
the M and N sub-groups. Thus, when the number of inagglutinable 
cells falls to a figure which is but little higher than the original blank 
value, a decision as to whether or no donor cells are still surviving can 
be made by testing for the presence of the foreign agglutinogen. Such 
a combination of methods was first suggested (but not applied) by 
Martinet [1938].
As an example, an asterisk has been inserted in fig. 6. At this 
point, 84 days after the transfusion only 45,000 cells (per bottle) could 
be attributed to the donor by the quantitative method, and one cannot 
be certain that this number exceeds the possible variations in inagglutin­
able count. A test for the agglutinogen M was therefore made, the 
recipient and the donor of the second transfusion both belonging to 
Group N. The finding of small agglutinates showed that the cells of 
the first transfusion were still surviving.
T e c h n i q u e .
Since we did not adhere to the details of the technique originally 
described by Ashby, we feel that it is necessary to give our reasons for 
the changes which we adopted.
Briefly, Ashby’s technique consists in taking blood into a leucocyte
 ^ S ince th e  com pletion  of th is  w ork, we h av e  learn ed  th a t  W iener a n d  P e te rs  
[1940] u sed  th is  iden tica l m e th o d  to  com pare  th e  su rv iv a l of tw o tran sfu sio n s in  
th e  sam e p a tie n t, th o u g h  for a  d ifferen t purpose.
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pipette and then drawing up agglutinating serum so that a final con­
centration of blood/serum of 1/22 is obtained. The mixture is expelled 
into a tube and incubated (with shaking at intervals) for 40 minutes. 
The tube is placed in an ice-box overnight and then counts of the free 
cells in the fiuid are performed.
Our criticisms of this technique fall under four headings :
(1) The concentration used. A concentration of 1/22 makes blood-
counting very difficult when more than 600,000 cells per 
cu. mm. are present. Furthermore, Rouleaux formation is 
definitely commoner at this concentration and further interferes 
with counting.
(2) The temperature suggested for incubation is 37° C. This is
difficult to understand, since it is well known that warming 
hinders agglutination. Jervell, too, was puzzled by Ashby’s 
choice of temperature, and actually performed his agglutina­
tions in a refrigerator. This, however, is open to the dis­
advantage that it provides an opportunity for the action of 
cold agglutinins (as noted later by Ashby, 1919 6). We 
therefore performed our experiments at room temperature.
(3) Forty minutes does not seem to be an adequate time for agglutina­
tion. Taylor [1938] suggests that two hours is the optimum.
(4) I t is well known that fiat-bottomed vessels favour agglutination,
and therefore the tubes recommended by Ashby were replaced 
by small bottles of such a size that the amount of fiuid (0*2 c.c.) 
formed a thin film upon their floor.
With these considerations in view we adopted the following tech­
nique : 20 cu. mm. of the blood to be tested was taken from the patient 
in a hæmoglobin pipette and blown into I c.c. of citrate saline. From 
this suspension (1/50) OT c.c. was taken and mixed with OT c.c. of the 
appropriate serum in a small fiat-bottomed bottle (as used for performing 
a red cell count). (OT c.c. only was used simply because large quantities 
of reliable anti-M and N sera are not available.)
The mixture was left for 2 hours at room temperature with brief 
shaking at half-time. At the end of 2 hours the bottle was shaken 
vigorously and a drop of the fiuid withdrawn and placed in a Burker- 
counting chamber. This chamber was chosen because of the large 
area of the ruling. This enabled a selection of columns to be made, 
when large agglutinates obscured part of the field.
All the experiments were performed in duplicate, and counts in 
every case were made by both of us simultaneously.
To determine what constitutes an “ agglutinate” is not easy, parti­
cularly when pairs are seen. We found it helpful to examine control 
experiments in which no agglutinating serum was present. This enabled 
the pairs which were stuck together to be distinguished from those that
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are agglutinated. Discoloration of cells is always held to indicate 
agglutination. When the difference in parallel experiments was greater 
than expected the counts were repeated, and the pair showing the 
best agreement were selected. When any gross discrepancy was found 
agglutination was performed again.
Gorl [1926] has objected that shaking may increase the number of 
free cells considerably. This is not supported by a theoretical con­
sideration of the subject, for the attractive force between agglutinated 
cells is very great. Moreover, we have found that moderate shaking 
for fifteen seconds or less does not significantly raise the number of free 
cells. Furthermore, we have frequently found very few inagglutinable 
cells after vigorous shaking. Jervell advises shaking for one minute, and 
found no significant rise even after two m inutes’ shaking.
The titre of the serum was found to be of the greatest importance 
in securing consistent results. We were fortunate in obtaining sera of 
very great potency from Dr. G. L. Taylor of the Galton Laboratory 
Serum Unit. The alpha serum used throughout had, for example, a 
titre of 1/256, and the beta of 1/512.
We have found that cells of the Sub-group Ag are difficult to 
agglutinate completely with ordinary grouping sera. Even with sera 
of high titre the “ inagglutinable count” of Ag cells is usually higher 
than that of Group A .^ Therefore Ag cells provide a useful control 
in the selection of a suitable alpha serum. An alpha serum that will 
give an inagglutinable count of less than 60,000 cells per cu. mm. with  
Group Ag blood may be considered satisfactory. Higher figures 
previously recorded for the blank “ inagglutinable count” are mainly, 
we suggest, due to working with sera of insufficient potency.
The M and N agglutinating sera are not, on the whole, so reliable 
as those of the ABO system —presumably because they are “ absorbed” 
sera. Thus some samples prove to be of insufficient potency to produce 
complete agglutination and others give non-specific reactions. The 
latter can usually be avoided by dilution with an equal volume of 
saline, and we adopted this precaution throughout and also worked 
with controls. Some patients were followed with three different sera, 
but eventually we worked only with one reliable anti-M and one anti-N, 
and the experiments in section (3) show the good quantitative agree­
ment with the results obtained with alpha and beta sera.
R e s u l t s .
We have expressed our results graphically, plotting the number of 
cells surviving against the time since the transfusion. In every case 
we performed agglutination on a sample of the patient’s blood before 
transfusion, and subtracted this “ blank” value obtained from the 
number of free cells found after transfusion. In the figures which
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follow, this net total was then divided by the number of bottles of 
stored blood given to the patient.
The initial figure after transfusion depends upon many factors :
(1) The donor’s red cell count and the volume of blood transfused.
(2) The recipient’s blood-volume.
(3) The amount of destruction of donor cells that has already
occurred before the sample is taken.
The first factor was partially standardised, as mentioned above, 
by dividing the number of surviving cells by the number of bottles of 
blood given.
We hoped to minimise blood-volume changes by using concentrated 
suspensions of red cells. Although the commencing destruction of
400,000
5 0 0 .0 0 0
loopoo
20.
I I .21. 12.
I— HRS— IL J
F i g . 1.—Survival of single transfusions of stored blood. The figures a t  the 
end of the curves indicate the length of storage in days. The initial figure depends 
upon m any factors (discussed in the text), b u t after taking these into account, 
the slope is the  im portant' index of survival.
An arrow indicates th a t a t this point the patien t was delivered of a child.
effete red cells introduces a certain error, yet if  the first sample is 
obtained within three to four hours of the mid-point of the transfusion, 
the expected number (approximately) is found except with blood more 
than three weeks old. (Example below.)
From fig. 1 it will be seen that, on the whole, the figures fall upon an 
even slope, and further that this slope is much the same with all the 
blood stored for less than 18 days. However, with the older blood the 
destruction is more rapid.
In two cases in which blood of 20 and 29 days old respectively was 
given, different samples were taken within the 6 hours following trans­
fusion, and it was found that that period is a time of rapid destruction.
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The fact that the transfusion of stored blood is followed by an immediate 
rise in bilirubin agrees well with these observations. For instance, 
in the patient who received 20-day-old blood (see fig. 1), 3 hours 
after the transfusion 594,000 cells per cu. mm. attributable to the donor 
were found and the bilirubin had already risen from 0-8 to 3 0 mg. 
per cent. Six hours after the transfusion only 274,000 cells per cu. 
mm. remained, and the bilirubin had risen to 4-5 mg. per cent. Six 
days later, however, there were still 250,000 donor cells per cu. mm. 
It should be pointed out that this is a considerably greater initial 
destruction than occurred in the majority of the cases.
80QOOO
200,000
,18.
/OO
'—HRS
TIME AFTER T R A N S F U S IO N
F ig . 2.—As fig. 1, bu t recipients all children. Note greater rise per bottle of
stored blood.
W eight of children : A., 3 stone ; B., 3 5 stone ; C., 4-0 stone ; D., 4*5 stone.
The total life of the transfused erythrocytes of blood stored for less 
than 18 days appears to be at least 70 to 90 days.
Fig. 2 shows that much greater rises in the number of donor cells 
per cu. mm. are produced by equivalent amounts of blood when given 
to children. Furthermore, the rise produced is approximately inversely 
proportional to the body-weight. The life in two of these four cases 
seems to be a little shorter, viz. practically all donor cells have dis­
appeared at 60 days.
Fig. 3 shows the good agreement between the results of agglutina­
tion of recipient cells with two different sera. Fig. 4 shows the survival 
found after two transfusions of blood of different ages. Although the 
18-day-old blood was all destroyed in 15 days, it will be seen that the 
life of the 2-day-old blood was only about 75 days, that is to say, 
definitely shorter than normal. This patient had in fact hepato-
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800,000
600,000
400.000
100.000
F i g . 3 .—Survival of two single transfusions given to  different patients. The 
continuous lines show the figures found when agglutination was performed with 
sera of the ABO system ; dotted  lines indicate those found w ith the MN sera. 
Note the  good agreement. (Patient A. C. was a child.)
400.000
300.000
aoo.ooo
100,000
xo 30 J
F i g . 4 .— Survival of two transfusions given consecutively to the same patient. 
Note th a t the survival of the 18-day-old blood is very short, and the survival 
w ith 2-day-old blood is definitely less th an  expected.
The patien t was suffering from an undiagnosed variety  of reticulosis.
splenomegaly, and was jaundiced before the transfusion. Since in this 
case the destruction seems to have been more rapid than in the others, 
it may certainly be rash to draw conclusions about the life of transfused
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erythrocytes from a few cases. Very much greater certainty is given 
to the conclusions by the results in the following section of the work.
300,000
100,000
100,000
16.
1 0  3 0  4 0  f o
---------------- DAYSJ LI—HRS-
F i g . 5.
400,000
200,000
100,000
L-HRS IL J
F ig . 6 .
Figs. 5-8 illustrate the comparison of the survival of blood of 
different ages, two simultaneous transfusions having been given in
On Survival of Transfused Erythrocytes of Stored Blood 323
each case. I t will be seen that not only is there little difference between 
the survival of the different ages of blood, but that the curves suggest
<<.00.000
100,000
o
I-HRS JL
F ig . 7.
30QOOO
200000
>
^  ioqooo
-------------------DAYS-----------
T I M E  A F T E R  T R A N S F U S I O N
HRS
F ig . 8.
F igs. 5-8.—In  each case the figure illustrates the survival of two different 
transfusions given simultaneously to the same patient. Storage for 16 days 
appears to  have rem arkably little effect upon subsequent survival.
In  fig. 6 the asterisk indicates th a t a direct test for the donor agglutinogen 
was positive a t this point.
that the life is practically as long as that of fresh blood until blood of 
over 16 days old is used (see fig. 8).
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The importance of the method of storage is emphasised in fig. 9, 
which shows a comparison between the survival of blood stored with  
dextrose and blood stored with dextrin. A transfusion of each variety 
of blood was given to the same patient and followed by the method 
we have outlined in section (3) (above). It will be seen that the survival 
of the blood stored with dextrin is definitely inferior to that of the 
blood stored with dextrose.
300.000
200,000
100,000
'•13.
20 .
J-DAYS
F ig . 9.—The continuous lines m ark the survival of two transfusions of blood 
preserved w ith dextrin  and given to different patients.
P atien t A. also received simultaneously a transfusion of blood stored for the 
same length of time, b u t in dextrose. The survival of this transfusion is indicated 
by a dotted  line. I t  is clear th a t, firstly, the survival of the cells preserved in 
dextrin is less than  th a t of the cases of blood of equivalent age stored in dextrose, 
and secondly, th a t in the direct comparison blood stored w ith dextrose has an
obviously greater survival.
It is interesting to compare these results with those obtained by 
Wiener and Schaefer [1939, 1940]. These workers gave transfusions 
of stored blood to 28 patients and followed the survival of the donor 
cells by a rough quantitative method. The blood was kept with 
sodium citrate only.
The survival was found throughout to be much shorter than in this 
work. For instance, two patients received 13-day-old blood. The 
time for total disappearance of donor cells was found to be 56 days 
in one and 42 days in the other recipient. The authors suggest that 
each day of storage reduces the survival by about 6 days.
The results, although showing a general inverse correlation between 
length of storage and subsequent length of survival, are very variable 
and give little information about the intermediate “ curve of destruc­
tion .” The authors suggest that the variations are accounted for by
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differences in the technique of taking blood and in the patients’ treat­
ment of the transfused cells. It seems more probable, however, that 
they are to be accounted for by the rather rough quantitative method 
employed.
The greatly inferior survival of the cells of blood stored with 
citrate compared with that of the cells of blood stored with glucose 
in addition might have been anticipated from a study of the results 
of in  vitro experiments on stored blood. Rous and Turner [1916] 
first showed the value of glucose as a preservative for red cells, and 
numerous investigators have confirmed their results in recent years.
Discrepancies in the life of stored blood will probably be reported 
until the optimal preserving solution and the optimal dilution for the 
storage of blood are agreed upon.
S u m m a r y .
Twenty patients have received 26 transfusions of stored blood, and 
the fate of the erythrocytes of the donor followed quantitatively by 
differential agglutination.
A method of performing control agglutinations using the sera both 
of the ABO and MN systems is suggested.
A further application of differential agglutination is outlined. Its 
purpose is the following of the fate of two transfusions given simul­
taneously. This method has been used for (1) comparison of methods 
of storage; (2) to obtain a comparison of the survival of two different 
“ ages” of blood in the same patient.
C o n c l u s i o n s .
1. A high proportion of the erythrocytes of blood stored in citrate- 
saline-glucose survive transfusion. Furthermore, the total time of 
survival is little inferior to that of fresh blood.
2. These observations suggest that the present method of storage 
is good and that little more than the normal ageing process occurs at 
least in blood stored for 18 days or less.
In connection with Ashby’s work on the survival of the transfused 
I erythrocytes of fresh blood, P. E. Weil [1940] has remarked: “ Ce 
n ’est donc pas aux depéns de l ’hæmoglobine des globules détruits que 
l ’organisme trouve le possibilité de former des nouveaux globules, 
mais ce sont bien les globules transfusés eux-même qui continuent leur 
vie et leurs fonctions physiologiques.”
These words might be used as a refutation of the remarks quoted 
at the beginning of this paper.
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APPENDIX.
I N  VITRO E x p e r im e n t  t o  D e t e r m i n e  A c c u r a c y  o f  C o u n t in g  C e l l s  o f
G r o u p  “ ON” i n  t h e  P r e s e n c e  o f  C e l l s  o f  G r o u p  “ B M ” a f t e r  
A g g l u t i n a t i o n  w i t h  (1) B e t a  S e r u m , (2) A n t i - M  S e r u m .
Description.—A suspension of “ ON” cells was prepared and two dilutions 
of it were made. To each dilution was added an equal volume of a more 
concentrated suspension (1/50) of “ BM” cells. 0 1 c.c. of this solution was 
mixed (1) with 01 c.c. of beta serum, and (2) with 01  c.c. of anti-M serum, in 
small bottles (see description of method in text). After two hours, counts 
of the free ceUs were made. In all, 31 counts were performed.
By counting the suspension before mixing, the expected number of free 
cells could be calculated.
E x p ec ted .
F o u n d .
W ith  b e ta  serum . W ith  an ti-M  serum .
1,134,000 1,195,000 1,195,000
1,200,000 1,227,000
1,189,000 1,179,000
1,218,000 1,138,000
1,189,000 1,139,000
1,188,000 1,198,000
1,189,000 1,195,000
1,248,000
577,000 558,300 550,800
565,800 554,100
• 576,700 545,000
547,400 573,300
554,200 542,700
585,000 556,000
575,000 557,500
570,000 551,700
By agglutinating with BM cells only, blank values were obtained, viz. 
(1) with beta serum 20,000 cells per cu. mm. (av.), (2) with anti-M serum 
22,000 cells per cu. mm. (av.). These figures have been added to the number 
of free cells to be expected.
It will be noticed, firstly, that agglutination with beta and anti-M sera 
give closely similar results. Secondly, it will be seen that the “ scatter” of 
the figures is small, but that in the first dilution all the figures are greater than 
expected, and in the second dilution they are, with one exception, lower. 
These errors presumably arise in performing the dilutions and, therefore, are 
liable to occur in any experiments made with this method.
The coefficient of variation in this experiment was found to be approxi­
mately 5 per cent., that is, two counts must differ by at least 10 per cent, to 
be significantly different.
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This figure may be compared with one given by Ponder [1934] (for ordinary 
blood-counting). According to this author, when 500 cells only are counted, 
two counts must differ by more than 12 per cent, before the difference can be 
considered significant.
As only 500 cells were counted on each occasion in this experiment it will 
be seen that the error is of the same order as that of ordinary blood-counting.
We wish to thank Dr. J. 0 . Oliver, former Director of this Depot, 
and Dr. 0 . M. Solandt, his successor, for advice and criticism, and 
also Dr. M. Maizels, who provided the impetus for this work and who 
was generous enough to allow us access to his results at all stages.
We should also like to thank Dr. G. L. Taylor of the Galton Labora­
tory Serum Unit for providing M and N agglutinating sera, without 
which this section of the work could not have been done.
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ISOAGGLUTININ CHANGES
AFTER TRANSFUSION OF INCOMPATIBLE  
BLOOD AND SERUM
P. L. M o l l i s o n ,  I. M a u r e e n  Y o u n g ,
M .B. CAM B., M .R .C .P . B .SC .
{South-west London Blood-supply Depot)
L i t t l e  attention has so far been paid to serological 
changes in the recipient after the transfusion of incom­
patible blood. There are only 3 recorded cases in which 
such changes have been noted.
Bo (1937) reports the case of a patient of group O who 
received 600 c.cm. o f group A blood. Although preliminary 
cross-matching showed no agglutmation of the donor’s cells 
by the recipient’s serum, when the test was repeated with  
serum obtained two days after the transfusion agglutination 
occurred up to a dilution of 1/20. A t the end of five weeks 
the agglutinating power of the recipient’s serum for A cells 
had increased further and agglutmation occurred in a dilution 
of 1/200. Four weeks later the titre had fallen to 70 (the 
titre being expressed as the reciprocal of the greatest dilution 
in which agglutination is noted). Bo suggests that the 
recipient’s serum contained only a hæmolysin for A cells 
before the transfusion and that the introduction of A cells 
stim ulated the production of an agglutinin. In any case, it 
seems clear that the agglutinin titre rose rapidly during the 
period following the transfusion.
Wiener (1941) has published details of 2 cases, both of which 
had been referred to previously (Wiener 1939). The first 
patient, o f group O, received 500 c.cm. of group B blood. 
Six hours after the transfusion, which was followed by a rigor 
and hæmoglobinuria but no serious sequelæ, it was observed 
that whereas the titre o f the anti-A isoagglutinin was 32, that 
of the anti-B agglutinin was as low as 1. Further estimations 
were made at short intervals, and it was found that while the 
titre of the anti-A isoagglutinin remained constant, that o f the 
anti-B agglutinin rose steadily, reaching a peak, at the thir­
teenth day, o f 512. The same figure was found when the 
serum was re-titrated on the twenty-fourth day after the 
transfusion. The other case was less closely observed. Six 
days after the transfusion of incompatible blood (of group AB, 
the patient belonging to group A), it  was found that the titre 
of the anti-B agglutinin was 128 ; and eight days later 256. 
It is concluded that these changes represent an absorption of 
isoagglutinin by the injected agglutinogen, followed by an 
immune response to the foreign agglutinogen.
In only one of these 3 cases were frequent titrations of 
the recipient’s serum carried out, and in that observations 
were only extended up to the twenty-fourth day after 
transfusion. I t m ay therefore be of interest to record 
the following case in which, after the transfusion of 
incompatible blood, the isoagglutinins in the serum of the 
recipient were repeatedly titrated and the changes were 
followed for some months. The results obtained are iu
substantial agreement with those of Be and Wiener, 
but changes in the “ other agglutinin ” were also found, 
— i.e., after the transfusion of group B blood to a person o f  
group O not only was the titre o f the anti-B agglutinin 
affected but also that o f the anti-A agglutinin. These 
changes were traced to the use of a serum of group 
different from that of the patient.
CA SE-RECO RD
A married woman, aged 32, was adm itted to hospital at 
1 A.M. on Sept. 16, 1940, half an hour after receiving injuries 
caused by a high-explosive bomb. The injuries were m ainly  
due to falling masonry and included fractures o f both legs. 
She was found to be “ shocked ” and was treated with warmth, 
morphia and the transfusion of blood and plasma. After 
receiving 540 c.cm. of citrated stored blood 3 days old (equal 
to 360 c.cm. whole blood) and 250 c.cm. o f pooled plasma, she 
improved sufficiently for the doctors in charge to leave her for 
the night. N ext morning it came to our notice that the bottle  
of blood that had been given was not of group O, as had been 
assumed, but o f group B. The patient was visited by us for 
the first time at 10 a .m ., some eight hours after the transfusion 
had been given. She was then in a very poor condition. 
Her lips and nails were ashen grey and her skin very cold. 
No pulse was palpable at either wrist or over either brachial 
artery and no sounds could be heard at the latter site on 
auscultation. We were told that although no untoward 
sym ptom s had occurred during the transfusion, no great im ­
provement had followed ; the patient’s condition had deterior­
ated since, particularly during the last three hours.
After a preliminary intravenous injection o f 150 c.cm. of  
3% sodium-citrate, 1500 c.cm. of pooled citrated plasma, 100 
c.cm. o f four-times normal reconstituted serum and 2 pints of  
citrated blood (group O) were transfused. The clmical con­
dition improved steadily throughout the transfusion and four 
hours from the beginning of this treatment, when all but the  
last 500 c.cm. o f blood had been given, the blood-pressure was 
116/80 mm. H g and the extrem ities had become quite warm.
A quarter o f an hour after the preliminary intravenous in­
jection of alkali the patient was catheterised and 95 c.cm. of 
blood-stained urine was withdrawn. The urine was slightly  
acid to litmus and had probably all been formed m any hours 
previously, since the blood-pressure was still imrecordable at 
this time. Very m any red cells and some leucocytes but no 
casts were found in the centrifuged deposit o f this specimen ; 
the supernatant fluid only contained 0*7% hæmoglobin 
(Haldane). The patient was catheterised again at 12.45 p .m ., 
when 170 c.cm. o f urine was withdrawn ; this was neutral to 
litmus. On centrifuging, it was apparent that the red colour 
was due almost entirely to red blood-cells, the supernatant 
fluid containing only a trace o f hæmoglobin as measured by 
the benzidine test.
A venous sample was first obtained eight hours after the 
initial transfusion and the findings were : hæmoglobin 6 6 %, 
serum-bilirubin 2 mg. per 100 c.cm., serum-proteins 4-3%, 
blood-urea 55 mg. per 100 c.cm. ; blood group O. Micro­
scopical examination of a suspension showed fair-sized agglu­
tinates which were not increased by the addition o f anti-A  or 
anti-B serum. A sample o f sermn was obtained at the same 
time and titrated with A and B cells from the donors normally 
used by this laboratory. The technique em ployed is that
3recommended by Taylor and Prior (1938) ; the end-point is 
read microscopically and clumps of 3-5  cells are taken as 
evidence o f agglutination. The titre of the anti-A agglutinin  
was 128 and of the anti-B only 2 (see f ig .  1). A t 12.45 p .m ., 
after the patient had received 1500 c.cm. citrated plasma and
100 c.cm. o f four-times normal serum, a second venous sample 
was taken and examined. The hæmoglobin had fallen to 42%  
while the plasma-proteins had risen to 4*7%. The serum- 
bilirubin was 2 5 mg. per 100 c.cm., and the blood-urea 45 mg. 
per 100 c.cm. (see fig. 2 ). Microscopical examination showed 
rather bigger agglutinates than in the first smear. The titre  
of the anti-A agglutinin had fallen to 32, while that of the 
anti-B had risen slightly to 4.
After the further transfusion of two bottles o f blood and 
150 c.cm. of 3% citrate, another venous sample was 
obtained (5.20 p .m .) . The hæmoglobin was now 49%, 
serum-bilirubin 1 8  mg. per 100 c.cm., serum-proteins 4*9% 
and blood-urea 75 mg. per 100 c.cm. The titre o f the anti-A  
agglutmin was 64 and o f the anti-B again 4.
From the time when the patient was first seen by us, an 
attem pt was made to measure the fiuid intake and the urinary 
output. During the first twenty-four hours 3000 c.cm. of  
lemon squash containing 35 g. o f potassium citrate was given  
(as advised by Bushby and others 1940), and 2000 c.cm. of the 
same m ixture was given dm ing the subsequent twenty-foin- 
hours. A  rather incomplete record of the fiuid intake and 
urinary output was kept, but it was clear that there was a 
large negative water balance up to the eighth day, although 
the urinary output never fell to really low levels.
The patient was visited again on the morning o f the 17th, 
some thirty hours after the incompatible transfusion. Her 
clinical condition was surprisingly good. She was lucid and 
not in pain. Her skin looked faintly yellow. She had been 
catheterised at 5 a .m .,  and 70 c.cm. of urine had been w ith­
drawn. This specimen contained albumin and was neutral 
to litmus. . The sedim ent contained m any red blood-cells but 
no casts. The supernatant fiuid contained only a trace of 
hæmoglobin. On this occasion the temperature was 99° F ., 
pulse-rate 120 and blood-pressure 116/80 mm. H g. The blood 
still contained agglutinates ; the blood-urea had risen to
101 mg. per 100 c.cm., the serum-bilirubin to 3 2 mg. per 
100 c.cm. and the serum-proteins to 5-1%. The titre of  
the anti-A isoagglutinin was 32 ; that of the anti-B agglutinin 
still 4.
On the 18th the patient was better, although the blood- 
pressure was 136/102 mm. H g and the blood-urea 126 mg. per 
100 c.cm. The serum-bilirubin had fallen a little (2-7 mg. per 
100 c.cm.). A smear o f the blood showed only a few small 
agglutinates. The titre of the anti-B isoagglutinin had risen 
to 8 and that o f the anti-A isoagglutinin to 128. The urme 
was alkaline to litmus, and the sediment contained a few 
red blood-cells and pus and epithelial cells, but once more no 
casts. During the past twenty-four hours she had passed 
only 1 0 -2 0  oz. o f urine, compared with a fluid intake of 
80 oz.
U ntil the 22nd (the 7tli day) the patient appeared to im ­
prove steadily, despite a consistently raised diastolic pressure 
and a steadily m ounting blood-urea. During this period 
agglutinates were found in the blood, but they became pro­
gressively smaller and actually were last seen on the 23rd.
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F i g .  1— Changes in titre o f serum isoagglutinins 
after transfusion of (1) group B blood (at B), 
(2 ) concentrated serum of group A (at A). 
Recipient was group O.
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F i g .  2— Findings after incompatible 
transfusion.
5From the 18th onwards the titre of both anti-A and anti-B 
isoagglutinins rose steadily, and, as will be seen from fig. 1, 
reached very great heights during the period Sept. 24-27 
(9th to 12th days). Between Sept. 23 and Oct. 11, when the 
titrations were read, it was noted that hæmolysis occuired 
in the first or first and second dilutions with both A and B 
cells.
On Sept. 23 the patient was much worse. She was very 
drowsy, her respirations were deep and there was a heavy 
brown fur on the tongue ; she was considered to be in pre- 
coma. The blood-pressure was 150/100 nun. Hg. On this 
and the subsequent two days the patient was made to sweat 
profusely by) giving Dover’s powder and aspirin and heat­
ing her with electric blankets, &c. Whether as the result of 
the sweating or not, she was much better on the 24th, and the 
urinary output increased from this day onwards. On the 25th 
the improvement was maintained and the blood-pressure had 
fallen to 136/80 mm. Hg. From this time onwards, recovery 
was uneventful from the medical point of view.
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F i g .  3—Control experiments. Changes in titre of anti-A 
agglutinins in two patients of group O after the 
transfusion of 100 c.cm. of four-times normal 
concentrated human serum of group A, reconstituted 
from the dried product. The serum had been Seitz- 
filtered before being dried. Transfusions given at A.
Duimg the ten days after the transfusion, two attempts were 
made to perform renal-function tests. Neither was wholly 
satisfactory, but both revealed an unequivocal degree of 
impairment of renal function. On Sept. 21 the clearance was 
18% of normal and on the 26th, 30% (van Slyke). On the 
26th the urine contained a trace of albumin and a few epithe­
lial and granular casts. The urea-clearance test was repeated 
on Oct. 4 and was then 50% of normal.
Fui'ther examinations of the serum were made during the 
following months. A slow reduction in the titre of both 
isoagglutinins was found. From the abnormally high levels 
reached two weeks after the transfusion the titres gradually 
fell towards normdl.
DISCU SSIO N
The changes in the titre of the anti-B isoagglutinin  
will be seen to be o f the same nature as those described by  
Wiener ; they consist o f an initial reduction, presumably 
due to an absorption by the transfused group B blood,
6followed by a big increase, presumably representing an 
immune response. The first specimen in our case was 
obtained eight hours after the transfusion, and thus m ay  
be compared with the first specimen in W iener’s case, 
obtained after G hours. The titre o f the anti-B iso- 
agglutinin was found, as in Wiener’s case, to be extremely 
low. Thereafter there was a steady rise in titre, and the 
peak was reached on about the eighth day (not before 
the thirteenth day in W iener’s case). The extent of the 
rise, however, seems to have been much greater in this 
case even when allowance is made for individual differ­
ences in the reading o f serum titrations. Thus in our 
case agglutination with B cells could be detected in a 
dilution of 1/500,000 compared with the figure of 1/512 
given by Wiener. Wiener (1941) has recently stated  
that with the technique that he employs the average 
isoagglutinin titre is only 16-32. In this laboratory, 
using the technique referred to above, rather higher 
figures are obtained (average 64-128). This difference 
in the normal end-point is insufficient to account for the 
much greater rise in titre observed in our case. The slow  
return to a normal level is in accord with B o’s observations.
The changes in the anti-A isoagglutinin— a small initial 
fall followed by a large rise— at first seemed to be a 
non-specific response to the injection of the group B  
blood. Then, however, a more convincing explanation  
suggested itself. A t the tim e when these observations 
were made, Aubert, Boorman and Dodd, o f this labora­
tory, were engaged in confirming and extending the work 
of Schiff (1924) ; an account o f their work is in the press. 
Schiff first demonstrated the presence of the group- 
specific substances in soluble form in the serum and 
postulated an equilibrium between the concentration of 
agglutinogen in erythrocytes and serum. W ith this fact 
in mind, it  seemed likely that the rise in the titre o f the 
anti-A agglutinin m ight have been due to the injection  
of group A substance in either the plasma or serum that 
had been transfused in the course of treatment. The 
plasma, however, was taken from a pool o f different 
groups. I t  has been demonstrated that this plasma is 
virtually free o f agglutinins, and it  m ay therefore be 
safely assumed that it only contains traces o f the corre­
sponding agglutinogens. The serum, on the other hand, 
was found to be o f group A and had not been pooled. 
Soon after we had made these observations, Aubert and 
his co llea^ es demonstrated that it  was possible to pro­
duce an immune response in man to the agglutinogen  
contained in serum of groups A, B or AB. This latter 
work was carried out with Seitz-filtered human serum. 
Since the serum injected in our case was a four-times 
concentrated solution, reconstituted from dried serum * 
which had been Seitz-filtered before drying, we tried the 
effect of injecting similarly prepared serum of group A  
into two people o f group O. The results are given in 
fig. 3. As will be seen, after a small fall, the titre o f the 
anti-A agglutinin rose considerably. Thus a satisfactory  
explanation for the changes in the titre o f the anti-A  
isoagglutinin in the patient who also received group B  
blood was reached.
* From the INIedical Ilesearcli Coim cirs sem m -drying unit at 
Cambridge.
It will be noted that the rise in titre of the anti-A  
isoagglutinin was also very great and considerably 
exceeds that of the two “ controls.” I t also exceeds that 
produced by Aubert in any of his experiments (personal 
communication). The fact that the rise in titre o f both 
agglutinins was so large suggests the possibility of some 
non-specific stimulation in each case. Aubert has noted 
slight changes in the anti-A agglutinin after the injection  
of the B agglutinogen in B serum and vice versa. 
Further, it  is well known that the naturally occurring 
anti-A or anti-B agglutinin in the serum of some rabbits 
is often much increased after the injection of OM or ON 
cells to produce anti-M or anti-N  sera. Davidsohn  
(1938) has pointed out that the isoagglutinin titre of 
human serum is increased after the induction of serum 
sickness. In view of these observations it  seems reason­
able to suppose that some reciprocal non-specific stim u­
lation m ay have occurred between the one antibody 
response and the other.
Before this explanation for the changes in titre of the 
anti-A isoagglutinin had suggested itself, the recipient’s 
sermn was tested for the presence o f anti-M and N  
agglutinin, in case their production had been stimulated. 
No anti-M or anti-N antibodies were found.
As has been mentioned, agglutinates were detected in 
the recipient’s blood-stream up to the seventh day after 
transfusion. Only until the day after the transfusion, 
however, were these agglutinates fair-sized. From this 
day until the seventh only a few small agglutinates 
persisted, but even on the seventh day a few clumps of  
five cells were seen. No clumps could be detected on the 
eighth day or later. Burnham (1930) found some donor 
cells remaining in the recipient’s blood-stream on the 
third day, but none on the sixth day, after the transfusion 
of incompatible blood. Wiener and others (1941) in 
another case found that all but a few of the incompatible 
cells had been eliminated two days after transfusion.
The rise in serum-bilirubin is a typical finding and is 
too great to be attributable to the transfusion of stored 
blood per se. In our experience the transfusion of blood 
previously stored for three days with a citrate-saline- 
glucose solution normally leads to only small transient 
increases in the serum-bilirubin of the recipient.
From the clinical aspect the case adds nothing to 
existing knowledge of the syndrome of renal insufficiency 
after the transfusion of incompatible blood, particularly 
because o f the compUcating factor of severe injm y. As 
Grant and Reeve (1941) have recently pointed out, there 
is as y e t no precise knowledge of the circumstances in 
which renal function is disturbed in air-raid casualties.
The passage o f many red cells in the urine m ay have 
been due to a contusion of the left kidney, since that 
side of the body was very bruised.
It is interesting to note that there was no immediate 
reaction to the transfusion— 540 c.cm. of citrated stored 
blood (containing 360 c.cm. whole blood) was transfused 
in approximately th h ty  minutes, but no untoward effects 
were noted. The temperature, however, was not re­
corded. Others have noted that the transfusion of 
incompatible blood is not necessarily accompanied by
8any obvious immediate reaction (Grove and Crum 1930, 
Wiener and others 1941).
The progress to uræmia and then to recovery was very 
similar to that o f some o f the cases described by Bordley 
(1931), and the final outcome was in close accord with his 
observation that no patient receiving less than 350 c.cm. 
of incompatible blood died.
Knowledge of alterations in the titre of the affected 
agglutinin, after the transfusion of incompatible blood, 
has important practical applications. First, if  after a 
hæmolytic reaction, cross-matching is repeated with  
serum obtained from the recipient within a day or two 
of transfusion, a false negative result m ay be obtained 
owing to the temporary suppression of the agglutinin 
concerned. Secondly, when the donor cannot be traced, 
serial titrations of the recipient’s serum will decide 
whether or not the blood given contained an incompatible 
agglutinogen. Thirdly, cross-matching repeated on the 
tenth to fourteenth day after transfusion is m ost likely  
to detect the presence of a weak or atypical incompatible 
agglutinin, since the immune response will be maximal 
at this time.
SULEVLA.IIY
After the transfusion of group B blood to a woman of 
group O, changes in the titre o f the anti-B isoagglutinin  
were observed. There was an initial reduction, followed 
by a rapid increase, and then a slow fall to the original 
level. These findings confirm previous observations.
Similar changes in the titre of the anti-A isoagglutinin 
were also found. These changes almost certainly 
represent a response to the injection of the A agglutino­
gen contained, in soluble form, in the group A serum  
transfused in the course o f treatment.
Wo arc grateful to the medical officers of the hospital 
concerned for allowing us access to their patient and to Dr.
O. M. Solandt, then director of this depot, for helpful criticism.
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FAILURE OF IN VITRO TESTS AS 
A GUIDE TO THE VALUE 
OF STORED BLOOD
BY
P. L. MOLLISON, M B., M.R.C.F.
AND
I. MAUREEN YOUNG, B.Sc.
{S.W. London B lood Supply D epot)
M any d ifferen t so lu tions are  still in  use fo r the  p reserva­
tion  o f b lood  du rin g  storage. T h is sta te  o f  affairs seem s 
to be due m ain ly  to  the  d ifferen t c rite ria  th a t a re  accepted 
fo r th e  com parison  o f one so lu tion  w ith  ano ther. I t  wiU 
be generally  adm itted , first, th a t the value o f  s to red  b lood , 
co n trasted  w ith  th a t o f  s to red  p lasm a or serum , hes chiefly 
in its co n ten t o f ery th rocy tes, and , secondly, th a t th e  real 
w orth  o f  these sto red  ery th rocy tes m ust lie in  th e ir  ab ility  
to  survive in  th e  rec ip ien t’s b lood  stream  afte r transfusion . 
N evertheless, m ost w orkers have accepted changes o ccu r­
ring in  th e  ery th rocy tes in vitro  as an  ind ica tion  o f the 
value o f a given m ethod  o f p reserva tion— in som e cases, a t 
least, assum ing th a t such changes a re  co rre la ted  w ith  in vivo  
survival. T h e  changes m ost com m only  m easured  are  
a lte ra tio n s  in  the  osm otic  frag ility  o f  th e  ery throcy tes and 
the ra te  a t w hich  spon taneous haem olysis occurs du ring  
storage.
Criterion of Positive Value of Preservatives
T he pow er to  in h ib it haem olysis du ring  sto rage is 
certa in ly  a desirab le  p ro p erty  in  any  p reservative so lu tion , 
since th e re  a re  lim its to  th e  am o u n t o f haem olysed b lood 
th a t m ay be safely  in jected  in to  the  blood stream . This, 
how ever, is a  negative p ro p erty , corre la ted  w ith  safety  but 
n o t necessarily  w ith  value. T h e  only p rocedure  w hich 
seem s to  us to p rov ide a  c rite rio n  o f the  positive value of 
a. given p reservative so lu tion  is to  fo llow  the fa te  o f the 
transfused  ery th rocy tes in  th e  rec ip ien t’s b lood  stream . 
T h e  in v ivo  survival m ay be m easured  by the differential 
agg lu tina tion  m ethod  orig inally  described by A shby (1919). 
In  b rief, th is consists in  the  transfu sion  o f cells o f  G ro u p  O 
(IV ) to  a  rec ip ien t o f  G ro u p  A (II). A fter transfu sion  the
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recip ien t’s b lood  con ta in s tw o types o f cells, O and  A. T he 
A cells can  be “ rem oved ” w ith  an ti-A  serum  and  the  free 
(O) cells counted . A ctually  a sm all frac tio n  o f  the  A  cells 
a re  n o t agg lu tinated , and  constitu te  a  “ b lank  ” value to  be 
deducted  fro m  the to ta l o f  free cells. By co u n tin g  the 
n um ber o f  d o n o r cells surviving a t d ifferen t in tervals  of 
tim e a fte r tran sfu sio n , a sufficiently accu ra te  p ic tu re  m ay 
be fo rm ed  o f the surv ival o f th e  d o n o r cells in  the  rec ip ien t’s 
b lood stream .
U sing this m ethod , we have tested  eighteen  d ifferen t 
preservatives in  a  series o f over 100  tran sfu sio n s  o f sto red  
blood o f  various ages. In  each case the  com m only  
accepted  in vitro  tests w ere also app lied  to  the  b lood im m e­
d ia te ly  befo re  transfu sion . D a ta  a re  presen ted  here  w hich  
em phasize th a t these in vitro  qualities are unsound  guides to 
the ac tu a l su rv ival o f th e  sam e ery th rocy tes w hen tran s­
fused.
In  T ab le  I  is set o u t the  con stitu tio n  o f th ree  d ifferent 
p reservative so lu tions. In  T ab le  I I  observations on  b lood 
sto red  fo r  vary ing  leng ths o f tim e w ith  these so lu tions are  
recorded . T h e  in vitro  p ro p erties  o f the  ery th rocy tes o f a 
given sam ple an d  th e  co rrespond ing  in v ivo  su rv ival o f the 
ery th rocy tes from  th e  sam e sam ple a re  tabu la ted .
T ab le I.— C onstitu tion o f the Three Preservatives
(!) Citrate - Glucose (Rous - T urner) : c.cm.
3.8%* sodium citrate 
5.4% glucose 
Blood..
. .
400 
. .  1,000 
600
(11) Citrate - Glucose:^ c.cm.
3 % sodium citrate . .  
30% glucose 
B lood ..
. . 100
10
430
(Ill) Citrate - Sucrose (W ii brand t, 1940): c.cm.
10% sodium citrate.. 
10.3% sucrose 
Blood...........................
• •
63
375
500
Explanation of Methods and of the Terms used in Table II
O n the  day  o f  tran sfu sio n  the sto red  b lood  to  be tested 
was carefu lly  rem oved  fro m  th e  re frig e ra to r. T h e  b u lk  o f 
the su p e rn a ta n t p lasm a w as siphoned  off and  the rem ain ing  
cells fro m  tw o o r  m ore  bottles o f  id en tica l age w ere pooled.
* DeGowin, Harris, and Plass (1940) have pointed out that Rous 
and Turner used a different salt of sodium citrate from that in 
present use. The solution employed by us contains a higher per­
centage of sodium citrate than the original mixture.
t  This is a minor modification of the preservative solution recom­
mended in the Medical Research Council’s War Memorandum No. 1.
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A  sam ple o f this concen tra ted  cell suspension  w as kep t fo r 
the  p e rfo rm an ce  o f  in vitro  tests, and  the rest w as used fo r 
transfusion . T h ree  in vitro  p roperties  w ere m easu red :
1. The Degree of Spontaneous Haemolysis—i.e., the am ount 
of free haemoglobin in the plasma expressed as a percentage of 
the total haemoglobin content of the sample.
2. The Increase in Haemolysis following a Standard Amount 
of Shaking in the Presence of Glass Beads.—The figures in 
Table II express the percentage of haemoglobin (Haldane) found 
in the plasma after shaking a sample of standard concentration. 
Previous workers have pointed out that the fragility of erythro­
cytes to shaking increases during storage, but the relationship 
of this increasing “ mechanical fragility ” to subsequent in vivo 
survival of stored erythrocytes has not previously been studied. 
It is interesting to note that Rous and Turner pointed out in 
1916 that there is no constant relation between the mechanical 
and osmotic fragilities of erythrocytes.
3. Fragility to Hypotonic Saline.—In the table only the mean 
corpuscular fragility (M.C.F.) is recorded—i.e., the percentage 
NaCl in which 50% of the cells lyse (Dacie and Vaughan, 1938).
A fte r the p re lim in ary  w ith d raw al o f  a sam ple o f  b lood  
from  the rec ip ien t the tran sfu s io n  w as begun, and  w as 
usually  com pleted  in  tw o  h o u rs  o r  less. A  second venous 
sam ple w as o b ta in ed  five to  ten  m inu tes a fte r the end o f 
the tran sfu sio n . F u r th e r  sam ples w ere tak en  fo u r to  eight 
hou rs a fte r  the  tran sfu sio n , a t tw en ty -fou r hou rs, and  th e re ­
a fte r a t su itab le  in tervals.
T h e  nu m b er o f  d o n o r cells fou n d  in  the  first sam ple a fte r 
tran sfu sio n  w as tak en  as 100% survival. S ubsequen t coun ts  
w ere expressed as percen tages o f th is  figure. T o  ta k e  th is 
figure as 100% is, o f  course, n o t stric tly  accurate . I f  the  
tran sfu sio n  causes an  increase in  b lood  volum e, and  th is is 
subsequen tly  read justed  (i.e., a fte r  the  co llection  o f  th e  first 
sam ple), the  n u m b er o f  d o n o r cells w ill ap p ea r to  increase. 
C onversely , if  d estruc tion  o f  e ry th rocy tes has a lready  
occurred  by  the  tim e th a t this sam ple is taken , to  reckon  
as 1 0 0 % the  figure found  m akes surv ival seem  b e tte r th an  
it really  is. F ro m  T ab le  II  it w ill be seen th a t a sam ple 
ob ta ined  fo u r to  eight hou rs  a fte r the  tran sfu s io n  often  
show s a re la tive  increase o f  surv iv ing  cells com pared  w ith  
the n u m b er found  im m ediate ly  a fte r tran sfu s io n  an d  th a t 
destruc tion  is d o m in an t w ith  the o lder b loods only. I t  m ay 
be assum ed fro m  this in itia l re la tive increase  th a t co n sid er­
able d estruc tion  does n o t occu r d u rin g  the first few  h o u rs  
a fte r tran sfu sio n , excep t w ith  the  o lder b loods, an d  the 
influence o f  th is  fac to r  is th e re fo re  sm all.
A fu rth e r check u p o n  th e  actual n um ber o f  d o n o r cells 
found  in the recip ien t’s c ircu la tion  was m ade by coun ting  
the red cells and  m easuring  the volum e o f  the blood tran s­
fused ; then , by tak ing  a figure fo r the rec ip ien t’s b lood  
volum e based on  the  know n  heigh t an d  w eight, the  expected 
concen tra tio n  o f d o n o r cells in  the  recip ien t’s b lood  stream  
could  be calcu la ted . In  th is w ay it could  be dem onstra ted  
th a t ap p rox im ate ly  the  expected n um ber o f  d o n o r cells 
appeared  in  the  rec ip ien t’s b lood  stream .
Results
T he findings set o u t in  T ab le  I I  are  rep resen ta tive  o f the  
larger n u m b er o f  sam ples th a t have been studied. In  o rd er 
to fac ilita te  com p ariso n  the  in vitro  qualities o f  fo u r sam ples 
stored  w ith  each  o f these p reservatives have been averaged 
and  set against the  average in vivo  surv ival o f th e  sam e 
sam ples (a rb itra rily  tak en  a t one m on th  a fte r transfusion) 
(see T ab le  III). T h e  ages o f the sam ples sto red  w ith
T a b l e  III
Preservatives
In V itro Tests Survival In Vivo
Spontaneous 
H aem olysis 
(% T otal)
M echanical 
Fragility  
(% T otal)
O sm otic 
Fragility 
(M .C .F .) 
(% N aCl)
Percentage 
Survival a t 
O ne M onth
I. C i t r a tc - O lu c o s e
(R o u s -T u m e r) . . 0-5 38 0-74 54
IT. C i t r a te - G lu c o s e
(usual) . . 15 43 0 61 24
nr. C it r a te - S u c r o s e
(W ilbrandt) 0 6 51 0-34 0
In the above table average figures for in vitro findings are com pared with 
in vivo survival. F o r this com parison 4 exam ples o f  storage with Preservative I 
(at 18, 21, 24, and 28 days) have been contrasted  w ith 4 examples with Preserva­
tive II  (a t 18, 19, 23, and 29 days). In the case o f Preservative III, w ith which 
survival is so m uch inferior, 3 younger sam ples (12, 14, and 16 days) were chosen 
for com parison.
Preservatives 1 and  II are  com parab le , b u t in  the case of 
P reservative I I I  younger sam ples have been chosen because 
of the m uch p o o re r survival. Since the  cases a re  rep re ­
sentative o f a la rger series th a t has been studied , the 
follow ing conclusions seem  justified :
The survival of transfused cells is better after a given period 
of storage with Preservative 1 than with Preservative II and is 
much less good with Preservative Til.
The osmotic fragility of stored erythrocytes is no guide to 
their subsequent in vivo survival. It might appear from  this 
small series that there is even an inverse correlation between
osmotic fragility and survival ; findings with other preservatives, 
however, show that there is no constant relation.
A small amount o f haemolysis in a given sample does not 
necessarily imply good in vivo survival— e.g., Preservative III.
Fragility to mechanical trauma is only a very approximate 
guide to survival.
Other Preservatives
O ther an tico ag u lan t so lu tions studied in th is w ay include 
heparin , sodium  c itra te  w ith  and  w ithou t glucose in  d ifferent 
concen tra tions and  d ilu tions, “ I .H .T .,” * c itra te  - dex trin , 
and com binations o f  sucrose, glucose, and  sod ium  c itra te  ; 
defib rinated  b lood was also tested . T h e  findings w ith  these 
o ther system s su p p o rt th e  co n ten tio n  th a t frag ility  to  h y p o ­
tonic saline is no  guide, and  o th e r com m only  m easured  in 
vitro  p roperties  a re  a t best a p o o r guide, to subsequen t 
survival.
O n the  basis o f in v ivo  su rv ival tests the  p reservative 
solu tions used fall in to  tw o m ain  g ro u p s: (1) system s 
con ta in ing  no  glucose ; (2) system s con ta in ing  glucose.
1. T h e  first g ro u p  includes heparin ized  b lood , defibrinated  
blood, b lood sto red  w ith  “ I .H .T .,” w ith  sod ium  c itra te , and 
w ith c itra te  - sucrose and  c itra te  - dex trin  m ixtures. A fter 
the tran sfu sio n  o f  b lood previously  stored w ith  any  o f these 
an tico ag u lan t so lu tions fo r less than  seven days the  e ry th ro ­
cytes a re  found  to  survive extrem ely  well— i.e., v irtually  as 
well as those o f  fresh  blood. (A fter a fresh -b lood  tra n s ­
fusion  it is found  th a t the  d o n o r cells a re  slow ly and  steadily  
e lim inated  over a period  o f  app rox im ate ly  100 days— i.e., 
ab o u t one-th ird  a re  e lim inated  du rin g  each  m o n th  afte r 
tran sfu sio n  (A shby, 1919 ; M artin e t, 1938).) Subsequently  
de te rio ra tio n  is rap id , and  a fte r tw o w eeks’ s to rage the 
m ajo rity  o f  th e  transfu sed  cells a re  usually  e lim inated  from  
the rec ip ien t’s c ircu la tio n  w ith in  tw en ty -fou r h o u rs  o f  the 
transfu sion . T o  particu la rize , b lood sto red  w ith  a  large 
rela tive vo lum e o f  3%  sodium  c itra te  falls below  the 
average fo r  th is g roup , w hereas b lood  stored  w ith  dex trin  
survives a little  be tte r th a n  th e  average.
2. In  general, b lood sto red  w ith  glucose survives ex­
trem ely w ell a fte r  tran sfu sio n — i.e., v irtually  as well as 
fresh  b lood— w hen it has been stored fo r less th a n  fourteen  
days. (T his is a slightly m ore conservative estim ate  th an  
one prev iously  m ade w ith a sim ilar type o f  an ticoagu lan t 
so lu tion  (M ollison  and  Y oung, 1940).) T h ere  is a  p ro ­
* “ I.H.T.” is the name given to an anticoagulant solution con­
taining 0.5% sodium citrate, 0.7% NaCl, and traces of other salts; 
this solution has been much used in Russia (Bagdassarov, 1937).
gressive d e te rio ra tio n  du ring  the th ird  w eek o f  storage, b u t 
b lood  sto red  w ith  glucose fo r  th ree  w eeks is usually  n o t 
com plete ly  elim inated  fro m  the rec ip ien t’s c ircu la tion  fo r 
m ore  th an  a m o n th  a fte r tran sfu sion . T hese rem arks apply  
to  c itra te  - glucose m ix tures in  w hich  th e  vo lum e o f p re ­
servative so lu tion  is sm all com pared  w ith  th e  volum e o l 
b lood (e.g.. P reservative  II). Surv ival w as n o t fou n d  to  be 
im proved  by increasing  th e  co n cen tra tio n  o f  glucose in  the  
sam e re la tive  volum e o f p reservative  solution. By add ing  
a  rela tively  g rea ter vo lum e o f 5.4% glucose, how ever, 
surv ival is im proved , and  w hen  the  p ro p o rtio n s  o f  P reserv ­
ative I  a re  reached  a  c lear-cu t superio rity  is dem onstrab le . 
T hus a fte r th ree  w eeks’ s to rage w ith  P reservative  I  survival 
is still a lm ost as good as if  the  ery throcy tes w ere fresh . It 
m ight ap p ea r fro m  this th a t d ilu tion  is one o f  th e  fac to rs  
responsible fo r the  superio rity  o f  the  R o u s -T u rn e r  p reserva­
tive so lution. H ow ever, in  the  absence o f la rge  am oun ts  
o f glucose, d ilu tion  w as fou n d  to  have an  u n favou rab le  
effect u p o n  survival, and  it th e re fo re  seem s th a t the p rob lem  
requ ires fu rth e r  investigation .
T he  add itio n  o f sucrose to  various c itra te  - glucose p re ­
servative so lu tions has a fav o u rab le  effect up o n  th e  osm otic 
frag ility  o f  the  s to red  ery th rocy tes b u t does n o t significantly 
influence th e ir  subsequen t in vivo  survival.
Practical Application of these Results
O w ing to  the  low  p ro te in  co n ten t o f p lasm a ob ta ined  
fro m  b lood sto red  w ith  P reservative  I it is no t expected th a t 
th is type o f  p reservative  will com e in to  general use. In  
any  case, th e  so lu tion  has to  be m odified if  it is to  be used 
d irectly  fo r  tran sfu sion , because o f  the large am o u n t o f 
c itra te  it con tains. D eG o w in  and  H a rd in  (1940) have 
repo rted  very  sa tisfac to ry  resu lts fro m  such a  m odification. 
S to rage o f  b lood w ith  P reservative I I  gives adequate  
p reserva tion  fo r tw o w eeks and  has the  ad van tage  o f 
prov id ing  p lasm a w ith a p ro te in  co n ten t o f approx im ate ly  
5 g ram m es %. T h is p reservative  so lu tion  is v irtually  the 
sam e as th a t a t p resen t in  use a t the M edical R esearch  
C ouncil’s B lood Supply  D epo ts , and , as has been m en­
tioned  above, it does n o t seem  to  be im proved by  increasing 
the co n cen tra tio n  o f glucose.
It m ay  be w ell to  call a tten tio n  to  a few  instances from  
the lite ra tu re  in  w hich  fallacious conclusions have b ee r  
d raw n  fro m  in vitro  tests, and  to  em phasize th a t som e of 
the so lu tions th a t have been recom m ended  a re  n o t in  fact 
the best fo r p reservation . T hus R ous and  T u rn e r  (1916)
8concluded th a t sucrose w as p rac tica lly  as good a  p reserva­
tive as g lucose fo r h u m an  ery th rocy tes because o f  its pow er 
to in h ib it haem olysis du rin g  storage. A s w e have show n, 
sucrose is an  in fe rio r p reservative, judged  by its fa ilu re  to  
im prove in v ivo  survival. M aizels and  W h ittak e r (1939) 
suggested the  use o f  d ex trin  because it, to o , inh ib its  the  
haem olysis o f b lood  d u rin g  storage. In vivo  su rv ival tests 
show th a t the  use o f  d ex trin  du rin g  sto rage has on ly  a  very  
slight effect on  the  survival o f th e  subsequen tly  transfused  
ery throcytes.
In  the  selection o f  the op tim al c itra te  - glucose p reserva­
tive so lu tion , osm otic  frag ility  tests are , as w e have show n, 
positively m isleading. N evertheless, such tests have  been 
adopted  as th e  m ain  c rite rio n  o f  value by m any  w orkers 
(B ushby, M arrio tt, K ekw ick , and  W hitby , 1940 ; D ensted t, 
O sborne, R oche, and  S tansfield , 1941 ; D u b ash , C legg, and  
V aughan, 1940) ; th e  p reservative  so lu tions recom m ended  
by these au th o rs  th e re fo re  con ta in  only sm all am oun ts  o f 
glucose.
I t  is c lear th a t no  new  preservative so lu tion  should  be 
recom m ended un til its effect on  the  subsequen t in vivo  
survival o f  the  e ry th rocy tes has been  determ ined .
Fate of “ Fragile ” Cells after Transfusion
A co ro lla ry  o f the  view th a t the osm otic  frag ility  o f 
stored ery th rocy tes is an  ind ica tion  o f  th e ir  ab ility  to  survive 
in v ivo  m ust be th a t cells w ith  an  increased  osm otic  frag ility  
soon ru p tu re  w hen in troduced  in to  the  rec ip ien t’s b lood  
stream . Such  a  view has been expressed by D en sted t et al. 
(1941), fo r exam ple. I f  th is  w ere tru e  th e re  w ould  be tw o 
possible findings im m ediately  a fte r th e  tran sfu s io n  o f  b lood  
w ith a raised  osm otic  frag ility . E ith e r the rec ip ien t’s b lood  
stream  w ould co n ta in  nu m ero u s frag ile  ery th rocy tes, in  
w hich case the  osm otic frag ility  cu rve o f  the  recip ien t w ould  
be found  to  be altered , o r, if  the d o n o r cells h ad  a lready  
rup tu red , the re  w ould  be free  haem og lob in  in  th e  rec ip ien t’s 
p lasm a and  in vivo  surv ival tests w ould  show  fa r  less than  
the expected  nu m b er o f  d o n o r ery th rocy tes.
In  p rac tice  n e ith er o f these possib ilities is observed. O n 
the co n tra ry , first, tran sfu sio n  o f  b lood  w ith  an  increased  
osm otic frag ility  does n o t affect the  frag ility  cu rve o f  the  
recip ient ; secondly , fo llow ing the  tran sfu s io n  o f  such b lood , 
haem oglob inaem ia is n o t observed  ; an d , fu rth e r , the  ex­
pected nu m b er o f d o n o r cells is found , a t least tem porarily , 
in the  rec ip ien t’s b lood stream . F ro m  this one can  only
conclude th a t the osm otic  frag ility  o f  the  d o n o r cells has 
undergone a considerab le  change.
T h e  above s ta tem en t is based upon  observations w ith  
preservatives con ta in ing  glucose. F o r  exam ple, w hen  
blood th a t h ad  been sto red  fo r  tw enty-one days in  P re ­
servative I  w as transfused , the  curve o f osm otic  frag ility  o f 
ery th rocy tes taken  fro m  the recip ien t, b o th  befo re  and  a fte r 
the transfu sion , w as estim ated . A lthough  the  M .C .F . o f 
the d o n o r ery th rocy tes h ad  been fo u n d  to  be very  h igh  (i.e., 
0.78 % N aC l) im m ediately  befo re  being used fo r tran sfu sion , 
the osm otic frag ility  curve o f  sam ples tak en  fro m  the  
recip ient befo re  and  a fte r the  tran sfu sio n  show ed no  differ­
ence. T h e  tran sfu sio n  occupied  ap p rox im ate ly  forty-five 
m inutes, an d  th e  sam ple w as o b ta ined  a b o u t five m inu tes 
a fte r the  tran sfu sio n  had  been  com pleted . B oth  befo re  and 
afte r tran sfusion , in  estim ating  the osm otic frag ility , it w as 
found  th a t haem olysis began  in  0.46%  sahne and  th a t 50% 
of the  cells lysed in  0.39%  saline.
T he  in vivo  su rv ival test show ed th a t the  rec ip ien t’s b lood  
stream  co n ta ined  app rox im ate ly  560,000 d o n o r cells per 
c.m m . (the expected num ber) im m ediately  a fte r the  tra n s ­
fusion , and  thus the  only  possib le conclusion  is th a t the 
d o n o r cells m ust have undergone  a  change in  osm otic 
fragility .
T his reversal o f changes in  osm otic frag ility  m ay also 
be studied  in vitro. F o r  instance, in  th e  case re fe rred  to  
above a sam ple o f the  d o n o r cells w as p laced in  fresh  com ­
patib le  p lasm a fo r one h o u r and  its osm otic frag ility  w as 
then  re-estim ated . I t  w as found  th a t the  M .C .F . o f  the
cells had  p ractically  reverted  to  n o rm al (actually  0.45%
N aC l). T h is  effect w as fou n d  to  be co n stan t w ith  this 
p a rticu la r preservative. I t  should be po in ted  ou t tha t 
a lthough  the m ajo rity  o f the  cells in a given sam ple succeed 
in re-acqu iring  an  app rox im ate ly  n o rm al resistance to  hy p o ­
tonic saline, a few m ay rup tu re . T he m ost likely exp lana­
tion  o f  th is reversal in  osm otic frag ility  is th a t glucose is 
w ashed o u t o f the  cells w hen they  a re  p laced in  a  solution 
o f  relatively  h igh  ton ic ity  a t room  tem peratu re .
R eversal o f osm otic frag ility  w as n o t fou n d  to  occur 
w ith  b lood  stored  in  certa in  o th e r preservatives. F o r 
instance, w hen ery th rocy tes th a t had  been stored  w ith  P re ­
servative I I I  w ere p laced in  fresh  p lasm a th e ir m ean 
co rpuscu la r frag ility  d id  n o t ap p ea r to  be affected. T his 
is p ro b ab ly  because a lte ra tions  in  the  base co n ten t o f  the 
ery th rocy tes have occurred  and  because base is n o t so
m obile as glucose. N evertheless, the  fac t th a t th e  M .C .F .
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of stored  ery throcy tes can  be a ltered  in  ce rta in  c ircu m ­
stances by allow ing them  to  stand  in  fresh  p lasm a is a 
fu rth e r reason  fo r regard ing  th e  osm otic  frag ility , as usually  
m easured, as being an  artificial c rite rio n  o f  value.
Summary
The in vivo survival of the erythrocytes of stored blood 
following transfusion cannot be predicted from a knowledge of 
the results of the commonly accepted in vitro tests made upon 
the sample. The results of work based upon such in vitro 
tests may therefore be completely fallacious.
Many different preservative solutions have been tested for 
their effect on the in vivo survival of the subsequently trans­
fused erythrocytes. Some details of results obtained with 
three of these solutions are given and results with the rest are 
summarized.
We should like to thank Dr. J. F. Loutit, director of this 
depot, for facilitating these investigations. We also wish to 
thank Dr. M. Maizels for helpful criticism.
R e f e r e n c e s
A shby, W . (1919). J. exp. Med., 29, 267.
B agdassarov, A . (1937). Sang, 11, 466.
Bushby, S. R . M ., M arrio tt, H . L ., K ekw ick, A ., and W hitby, L . E . H . (1940). 
Lancet, 2 ,414 .
D acie, J. V., and  V aughan, J. M . (1938). J. Path. Bact., 46, 341.
D eG ow in, E. L., and H ard in , R. C. (1940). British Medical Journal, 2, 1.
 H arris, J. E., and P lass, E. D . (1940). J. Amer. med. Ass., 114, 850.
D enstedt, O. F ., O sborne, D . E ., R oche, M . N ., and  Stansfield, H . (1941).
Canad. med. Ass. J., 44, 448.
D ubash, J ., Clegg, O ., and  V aughan, J. M . (1940). British Medical Journal, 2, 482. 
M aizels, M ., and  W hittaker, N . (1939). Lancet, 2, 1219.
M artinet, R . (1938). Sang, 12, 15.
M ollison, P. L ., and  Y oung, I. M . (1940). Quart. J. exp. Physiol., 30, 313. 
R ous, P., and  T urner, J . R . (1916). J. exp. Med., 23, 219.
W ilbrandt, W. (1940). Schweiz, med. Wschr., 70, 731.
Printed in Great Britain by Fisher, Knight and C o., Ltd.. 
Hie Gainsborough Press Si Albans
